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PREFACE

This symposium was concerned with the improving possibilities available from various variable geometry compo-
nents both in service and under study and test now,

High performance of aero engines in different phases of the flight missions cannot be attained by conventional
engines with one design point only. Change trom one design point to another is feasible by using geometry variation in
the different components of engines like intake, fan, compressor, combustor, turbine, afterburner, and nozzle. Morcover,
change trom one thermodynamic cycle to another is possible it e.g. by-pass ratio and/or energy inputs in the different
flow : ssages are varied.

Both military and civil aspects of variable geometry engines were analyzed, a broad variety of cycle investigations
presented as well as work on geometry variation of the individual engine components. Advanced performance both for
supersonic conventional take-off and landing aircraft and for VTOL aircraft and for VTOL were shown. High speed
turbo-props are likely to offer improvements in fuel conserving engine design as variable turbines do. Lower exhaust
emission rates are to be expected when using variable combustors. But integrated control systems only will enable full
exploitation of advantages and papers presented on this subject found great interest. Discussions of individual presenta-
tions and the final Round Tuble Discussion placed concern on weight and complexity problems of the engines under con-
sideration and tried to identify what risks and costs are likely to be involved. Still, favourable SFC in reheat and dry
conditions at subsonic and supersonic speeds, the improvements in the matching of engine mass flow to intake capacity
in all fught conditions and the improver.ent of engine operating stability are considered to pay off sufficiently.

It was felt that the symposium provided a stimulating forum for debating the potential benefits offered by variable
¢y cle engines, and for reviewing the progress in variable geometry component technology which will ultimately determine
the extent to which these benefits will be achievable in practice. There was left no doubt that more extensive variability
than is currently exploited will be a feature of future power plants for particularly demanding applications.

PREFACE

L'objet de ce symposium était 'examen des possibilités d’amélioration offertes par les divers composants d géo-
metrie variable, soit déjid en service, soit actuellement au stade des études et des essais.

On ne peut obtenir d+ performances élevées dans les différentes phases des missions de vol avee des moteurs
d’avions classiques présentant un seul point d'adaptation. On peut cependant passer d’un point d’adaptation & un autre
grice au concept de la géométrie variable appliqué d divers composants du moteur tels que entrée d'air, souftlante,
compresseur, chambre de combustion, turbine, post-combustion ¢t tuyére. D*autre part, le passage d’un cycle thermo-
dynamique a un autre est réalisable si, par exemple, on fait varier le rapport de dilution et/ou les apports d'énergie dans
les diftérents passages de Pécoulement.

Au cours des divers exposds, les aspe-ts d la fois militaires et civils des moteurs d géométrie variable ont été analysds,
et les résultats d*études nombreuses et diverses sur les cycles et sur fes variations de géométrie des composants de moteur
ont ¢té¢ présentés. On a montré les performances ¢levdes obtenues tant sur des avions supersonigues d décollage et
atterrissage classiques que sur des ADAVs. La conception des turbo-propulseurs d grande vitesse est susceptibls J’étre
améliorée du point de vue consommation de carburant, tout comme U'a été cele des turbines & géométrie variable. De
meme, on obtiendra des taux d*émission de gaz d'échappement plus faibles grice aux chambres de combusion i géométrie
variable. Mais seuls les systémes de commande intégrés permettront d'exploiter pleinement ces avantages ot les exposes
traitant de cette question ont suscité un vif intérét. Au cours des discussions qui suivirent la présentation de chaque ex-
posé, et pendant la “Table Ronde™, Paccen: fut mis sur les problémes lids au poids ¢t A la complexité des moteurs étudids,
et sur la détermination des risques et des coats probablement impliqués. Une combustion spécifique favorable avee ou
sans réchauffe aux vitesses subsoniques et supersoniques, une meilleur adaptation du débit du moteur 3 L capacité des
vrises d’air dans toutes les conditions de vol, et Pamélioration de la stabilité de fonctionnement du moteur sunt toujours
comsidérées comme des facteurs suffisamment valables.

De l'avis de tous, ce Symposium a donné licu 3 des débats stimulants sur les avantages potentiels présentds par les
moteurs d cycle variable, et a permis de faire le point des progrés qui ont marqué la technologie de ce domaine, progrés
dont dépend, en tin de compie, la réalisation concréte de ces avantages. ! eamble hors de doute que les sy stémes
propulsils de Vavenir seront caractérisés par un degré de géométric vaviable plus poussé qu'd heure actuelle en oo qui
concerne les applications aux exigences particulidres,
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OPPORTUNITIES FOR VARIABLE GEOMETRY ENGINES IN MILITARY AIRCRAFT

W. C. Swun
A. D. Welliver
G. W. Klees
S. G. Kyle

The Boeing Company
P. O. Box 3999
Scattle, Washington 98124

SUMMARY

Studies of new mission opportunities and design concepts for military aircraft, both in short-range and long-
range air-to-ground combat aircraft, suggest that the direction for new military engine developments could
change course to accommodate multi-mission vehicles which are truly supersonic in their principal role., The
paper discusses several concepts for engine development and the apparent opportunities such advancements
offer in terms of either vehicle performance or total system cost.

. b £nyine opportunities are discussed for both medium-rarge air-to-surface attack vehicles and for long-range,
E 3 supersonic vehicles with high altitude, recon/strike capability.

1.0 INTRODUCTION

For the past decade or two, military engine development in the free world has centered around fixed
cycie, afterburning (A/B) turbofan engines. The emphasis has been on simplicity with few variable com-
R ponents. The design condition for the military mi,sions have been predominately at high subsonic
78 A speeds. The air-to-air superiority fighters have placed maximum emphasis on persistence (tight combat
g N turns and high rates of climb) using the engine in full A/B mode, with the transonic cruise legs per-
* X fo. .ed at maximum dry power. Supersonic flight has been a fallout in full A/B power. Technological
R 3 goal: for these engines have been aimed at maximizing engine thrust/weight ratio; hence, the core

; engines have been designed with a steady increase in combustor exit temperature, use of cooled, single
stage high pressure turbines where possible, and core compressors with very high pressure ratio per
stage. The overall engines are configured with very low bypass ratio fans. Additionally, design
ingenuity with use of advanced materials, seals and bearings have aided greatly in the achievement of
thrust/weight ratios, for reasonable military life, axceeding 8:1. These engine designs also allow
for relatively simple, variable area nozzles.

. e = an
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Interdiction aircraft have and are being developed with varying radius mission capabilities based on
somewhat similar engines. Engine requirements for this type of aircraft, compared to the fighter air-
craft, result in higher compressor pressure ratins, somewhat higher fan bypass ratios, and more sophis-
ticated con-di ejector nozzles which put more emphasis on installed drag because of the more difficult
cruise mission range requirements. Once again, the aircraft supersonic flight ipability is a falleout.
g o There are an abundance of aircraft in development for these two roles; hence, .c¢ is natural that atten-
E ) tion be given to at least one new role and perhaps one neglected area. These are the all supersonic,
K .. ¥ air-to-surface attack vehicle and the very high altitude, lonq range, all supersonic recon/strike
. vehicle, respectively.

e 4 Unfortunately, there are those who feel that designers' past efforts at supersonic cruising vehicles

; § have been, at best, only marginally successful. This misconception can readily be corrected with dedi-
cation to the supersonic mode, as one needs only to point to the Concorde to see that excellent design
g with outstanding range factor can, in fact, be developed. The difficulty begins when one tries to
combine good supersonic cruise capability with equally good off-design performance.

In the past, the supersonic performance has been degraded in favor of transonic mareuver and low alti-
tude penetration. Furthermore, it is not clear what mission versatility will be required to make either
of these suggested vehicles viable, but pressures are certain to be placed on the engine designer to
offer multimoda enqine capability unlike that in operation today.

P A SR N

§ ¢ TEEN The idea of considering concepts for engines other than conventional turbofans with augmentation for
3 military aircraft was first seriously expressed in the U.S. a few years ago (Reference 1, 3 and 4) as
the result of considerable effort to define efficient dry-power engines for supersonic cruise that
would meet transonic acceleration and long subsonic leg requirements on the U.S. SST Program. It was
suggested at that time that the engine manufacturers should consider concepts which would provide both
a myltiplier in air flow as well as pressure ratio as a means to produce efficient matching for a
veriety of operating conditions, especially when efficient sustained supersonic cruise is desired.
Figure 1, showing an array of ideas worth examinatinn, is extracted from one such reference to illus-
trate the manner in which our thinking must be expanded to achieve good supersonic cruising vehicles
which could also support secondary m.ssions in an effective manner. It is recognized that tne degree
to which one can sell supersonic cruise depends on cost-effectiveness and, hence, multi-missicn capa-
bility is fundamental to the consideration of such engine concepts.
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From those days, the U.S. technical community  MIXED BURNING ICURRENT) y g -
has moved slowly in achieving definition of ® Varuble geometry fans and
practical engines for such missions, Figure compressor
2 illustrates the varying degree of increused ¢ Conventional control
engine sophistication which can now be con-
sidered in examining the two missfons in this  HIGH THROTTLE RATIO VGT
paper. For the short-to-medium-radius mis- © tncreased arflow control
sfon of the air-to-surface attack penetrator, ® Variable area turbine
variable cycle engines which provide Vimited
to moderate air-flow variation through vari- DUCT BURNING
able turbine area and variable nozzles and o Incraased arflow control
compressor stator blades in combination with & Adjustalle nozsles
high throttle ratio (high flow at cruise), ® Variable comprassars
B are being examined to identify their compar-
S ative merits on such missions. VARIABLE PRESSURE RATIO
v ® Pressure ratio control
R ® Bypass ratio control
s+ . R ab'e noztle
; e 20 MEDIUM-RANGE AIR-TO-SURFACE ¢ Adistable potier
i ATTACK AIRPLANE REAR VALVED
- A possible primary and alternate mission pro . ;:2;::;;:1;§:Z?
S file for the air-to-surface attack aircraft is ® Adjustable nozzies
, shown onFigure 3. Such a vehicle would be
i expected to operate a large percentage of its . . .
Lt l1ife at dry supersvaiccruise near 40-50,000 Figure 2 Engine Candidates
. % feet altitude and at speeds in the neighbor-
b hood of Mach 1.6 - 2.0 depending on engine avail-
Y, ability for dry supersenic operation.
~ eiR
R w
: VISt MAEY RELEASE
> , ,y/;‘/;‘m
X \si‘
3 ALnTUGE / (o ALTITUK
.: J
2 r
, 3 G
- S
| ;;‘ HOSTILE TERRITORY HOSTILE TERRITORY WEED
3 . ’i DISTANCE DISTANCE
g
F
Figure 3 Air-to-Surface Medium Range Mission Alternate Air-to-Surface Medium Mission
\
¥

# 2 This aircraft may further be required to perform evasive maneuvers at these speeds though not engage in
’ - true air-to-air fighter activities. On alternate missions or as a part of the same mission, it may be
3 g required to operate at lower altitudes and nigh transonic speeds for weapon release with a much higher
i S maneuverability requirement. The degree to which such activities can successfully occur will depend,
in part, on the ability of the airframe and engine manufacturers to develop very low drag aircraft and
a low total system weight with weapons installed.

R . t To do justice to the supersonic cruise/surface attack mission, the aircraft must be stealthy (low !.R.
R, \ radar cross-section, and be relatively simall) and it must be able to maneuver at reasonably high alti-
N tudes. Hence, one task is to design an aircraft with very low drég characteristics, with weapons cone
w o formally installed.over much of the flight envelope and with minimum overall vehicle/weapon weight.
f } Figure 4 shows an artist's conception of such a vehicle presented to illustrate the clear admission ot
i ; supersonic cruise capability., Figure 3 is representative of the drac levels which may be possible for
2 suych a vehicle. Further, it must be the objective to cruise on dry power for reasons of low [.R. and
] to maintain small aircraft size., One major concern, therefore, is the engine design philosophy.
o
: ‘{ 2
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High Throtile Ratio

A first consideration for a true supersonic a.r-to-surface attack vehicle, designed to ccuise in the
M=1.6 - 2.0 region, is to point-design the engine for the supersonic condition and to make whatever
adjustments are needed to the cycle to take care of other requirements. This thought process leads to
the use of High Throttle Ratio in design, whether the engine is a "leaky" turbojet or a modest-bypass
turbofan,

Traditionaily, zombat engines in the past have been designed at sea level static conditions (equivalent
to M - 1.28 at 36,080 fect from / §.7§ considerations) and as long as prolonged ¢1ight was in the high
subsonic to transonic speed region, no apparent serious penalty was incurred.

Throttle Rat’'o, ¢. in this pape-, is defined as the ratio of maximum cycle temperature a; supersonic
ciuise to sea-level-takeofs temperature. [n the past, the industry hes commonly used ratios less than

unity  For the propoc.s aircraft, ne must think CUHRENT ENGINES LOW THROTTLE RATIO (A)
of ra.ios weil ir -«cess o7 =nitv The choice of MGN THROT*LE RATIO ENGINE (B) o asian
cesiyn throttle ratis will depand on the drag of 100 —— -

the aircr fe ot cruise a5 well a¢ th at tran-

sonis aanevcer. Augmentatior wov d be usew as re-
quired <.r takeoff, ¢'imd and + sne.ve. Figure 6
illustrates the throtiie «2tio b, .woc. Engines i

% DESIGM
AIRFL O
H
>

E
COMPRESSOR (PRESSURE RATIO

desigied at sea level staticand then operated at  § 1o /,_4,,.—~—-—-~::::;’
a Mach number of 2.0 suffer a crasiderahle reduc- zs v N tcause
tion in dry thrust due to recvirerents for com- <y o9 ,/y/,,,r*”;"£DUUNG \ OPLRATING
pressor air flow matchina at all inlet tempera- 23 |- SLERIPILITY ! i

" o .
tures across the complete Much number spectrum of T I T T rrI—

the operational aircraft. MACH NUMEER
Figure 6  Throttle Ratio Scheduling

The HTR design principle has evolved over the years from the continual quest to obtain maximum pressure
rise per stage and, hence, fewest number of stages resulting in the aforestated desire for highest thrust-
to-weight ratio engines with the shortest length. With this type of design philosophy, the maximum tur-
bine inlet temperature is a fallout as a function of the power requirement the *urbine is called upon to
deliver at the higher Mach number condition. The maximum usable power is limited by the disc structure
again set by material technology and the ever present quest for minimm weight. Since turbine nozzle

area has always been fixed, and the pressure supplied to the turbine is limited by available rotor speed,
the power output is adjusted and limited by the turbine inlet temperature.

The result of this design philcsophy has been that the nonafterburning thrust-to-weight of our engines
at altitude/Mach number is quite low., As a rule, it is frequently not quoted. On the surface it would
appear that any ceviation from this approach would cause the engine to be extremely heavy because the
engine woula be forced to be long and all discs stronyer and, hence, heavier. In fact, studies have
suggested that the expected weight penalty may not be fundamental to an sngine with a different basic
design philosophy; namely, we are proposing to design the engine, including compressor and turbine aero-
dynamics at or near the planned cruise speed such that corrected air flow remains constant. When this
is done, as shown cn Fiqure 6, it is temperature derated at reduced Mach numbers to match the fixed
turbine area and fixed compressor aperating point. This now leads to reduced transonic and takeoff
tnrust, which must be offset with augmentation or bv a combination of other concepts to be discussed
shortly.

Studies sugyest that the consequence of a High Throttle Ratio desiga can be enormous. {n one such
study, the dry turbujet size was reduced some 1!. ia diameter and 26- in frontal area for a composite
structure Mach 1.8 airframe design when compared to 4 conventional engine with dry power. This is
ttlustrated in Figures 7 and 8, For this design, we r ‘se to use a 1.25 throttle ratio as shown in
Figure 7. The installed cruise SFC was reduced by the .(JR. Additiomal benefits may be possible with a
simplified intake because the engine operates at constant corrected air tlow dacross the Mach number
specteum, suggesting that the inlet miyght be simplified with the fixed throat requirement. At tran-
sonic conditions for this highly tailored aircraft design, the HTR engine offered margimnally acceptable
dry thrust for one "g" flight. The tnrust could be :orrected, in paet, with application of augmenta.
tion. However, as shown in Fidqure 9, when the HTR feature is combined with a variable area turbine
(Referenca 2) the cycle can be rema“ched to allow a greater temperature rise in the combyster (before
turbine area becomes ‘imiting) and, hence, a large increase in transonic theyst.
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The effect of HTR on takeoft thrust is i1- %0

lustratad in Figure 9, showing that the mer- 0o08

its of HTR are taxed where availahle field "

1engths are short, and scme oversizing RELATIVE Auamento
{reduction in throttle ratio) may be required tnaust sorts

to increase full A/B takeoff, if adiitional SObse10 W

aircraft 14ft augmentation cannot 2e develop- TURBOM T —- LOCUS OF TURBOJET ENGINE

ed by aerodynamic means. [t s compromises 10 SIZED TO PRODUCE 2,000 L83 HIR WiTi vOT
1ike these which may in the 1imit establish THRUST @M - 1 8. 60x° -

the top cruise speud which can be developed ¢ Citcruisa set iGN
effectively with dry thrust. It is doubtful b Gifro

that the HTR principle can be corsiderea for

design cruise speeds much in excess of Mach T TS T g

2.0.

ENGINE DESIGN MACH NUMB K

Figure 9 Taheoff Thrust tmprovement for HTR Engines
Mission Requiremonts

For the purpose of illustration, a primary mission is defined as occurring from an airfield of fixed
maximum field length followed by a clirb to a maximum subsonic cruise range altitude. Enroute to the
entrance to hostile territory, evasive maneuvers of substantial "g" force are considered a requiremer:.
After following the flight over a fixed subsonic leg, the atrcraft climbs with A/B power to the super
sonic cruising altitude in minimum time. The aircraft levels off at supersonic design Mach number w' -
the A/B shutdown, crosses into hostile territory and performs a radius mission, The aircraft return:

to base, initially at supersonic cruising altitude, then at subsonic maximum range altitude, and fin.. v
loiters for a fixed period of time and lands. This mission is jllustrated on Figure 10,

The analysis method used to compare engine concepts involve a fixed aircraft gross weight; the --- frame
variables are optimized consistent with the engine cycle concept; all elements of the mission wure pre-
scribed with the exception of the supersonic radius capability; the measure of goodness be . tne coms
parative supersonic ranges each engine concept offers.

D&S!IGN CONDITIONS RANSD: . F INTEREST
QROKS WEIQHT - 50000 L6S
SUBSONIC RANGE - FIXED
SUPERSONIC RADIUS - OPEN
LOITER FUEL « FIXED

SUBSONIC MANEUVER - FIXED

WING ASPECT RATIO 13-43

WING LOADING 0150 Lawerd

o e LOUTER WING TKICKNESS 1O CHORD 030-.080
ACCELERATION TIME ~ FIXED WING LEADING EDGE SWEEP MO0
AURCRAET -
UCHAST VARIABLES - OPTIMIZED 7 wsonic | AMPLANE TWRUST TOWEIGHT]  20-140
! TANES# GROES WEIQMT 0000 L05

Figure 10 Modium Range Ground Attack Misios Figure 11 Coacidered Airframe Variables

The airframe range of variables used to describe each configuration are shown oa Figure 11, It has been
founa that variation of airframe configurations while examining engine concepts is very important and
that simply freezing an aircraft confiquration for picking the proper engine corcept leads to very
erroneous results, [t is ofteu necessary to reconfigure the aircraft layouts when the analysis suggests
the configuration has become far removed from that for which the basic drag polars and engine installa-
tion arrangement were originally developed. 1lhis is particularly true when the operations field length,
minimun maneuver and acceleration capability are varied widely in the study.

3.3 Peopulsion Systems

Five engine types were chosen for this paper. The design bypass ratio, pressure ratio, and crulse
throttle ratio are shown on Figure 12. All engines were spocified to have the same technaology in terms
of canbustor exit temperature, cooling air flow and component efficiencies. A complere study requires
variations on each of the given engine definition values, but for purvoses of illustration, they are
omttted from this paper.

Figure 13 shows the relative atr flow lapse rate for the eagines being evaluyated. !t must be pointed
out that the break in air flow schedule i3 gquite arbitrary fur the purposes of this study ard weuld be
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examined in great depth for an actual engine/airframe investigation. In fact, this parameter must be

made a variable so as not to preclude the answer with the original assumptiors. Figure 14 shows the
comparative thrust lapse of the resulting engines and Figure 15 shows the relative dimensions of these
engines at a constant airplane T/W.
2.4 Airplane-Engine Evaluations
Figure 16 shows the effect on optimum airframe variables for the given engines of this paper, when maxi-
mum supersonic radius is computed at a fixed takeoff thrust/weight ratio and a fixed, relatively long
subsonic leg with field length and acceleration not considered (unrestrained). Different airframe
design variables are suggested for the assumed fixed T/W to achieve maximum supersonic range. It is
important that the airframe variables be considered as major arivers as they will affect both field
length and the basic configuration as well, The other inajor driver is the required subsonic radius.
It will be shown later that T/W is also a major vaeriable that must be optimized along with the cycle
concept and the airframe variables
Figure 17 shows the relative supersonic radius versus T/W. Airplane variables are optimized at each
T/W until a minimum T/W is reached where the airframe no longer meets the selected "g" maneuver or
acceleration time (in full A/B). Hence, the primary conditions of interest are the solid points on
Figure 17, reconstructed on Figure 18 for comparison. Each engine requires a consicerably different
design T/l and, hence, airframe configuration. MNote that the HTR-turbojet produced the best range at
the lowest thrust-to-weight ratio; however, field length requirements were still unrestrained. Figure
19 shows results at a T/W of 0.90 selected to i1lv trate an aircraft with better short-ficld takeoff
capabiiity. By comparing at the fixed T/W, a whole new set of engines appear to provide the best range
which illustrates the extreme importance of properly selecting the study assumptions. It was shown
earlier that the HTR-turbojet would not be expected to have best takeoff thrust by comparison to a con-
ventional design; however, the Figure 18 comparison shows that where operating field length is not as
critical, the HTR turbojet can perform with best supersonic radius considerably in excess of the com-
peting. engines. However, where field length considerations dictate the design (Figure 19), this con-
cept appears to suffer considerably. There may be a solution to this difficulty. The Variable-
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Geometry Turbine (VGT) turbojet appears to offer an exciting means to offset this deficiency, thus sug-
gesting that a second iteration of these engine: may include a compromise involving an engine where both
HTR and VGT are incorporated. Figure 20 shows a compacison of these same engine concepts when the
engines are sized to meet maneuver margin and acceleration time requirements with a fixed airplane de- i
sign. Nete that, ~gain, the relative perforrance of the engines show a considerable shift which illus-
trates the large sensitivity that study ground rules, airplane variables, and mission requirements can
play on engine ccncept evaluations.

In all the results thus far, the degree of afterburning has heen allowed to float. Therefore, in the
case of the turbofan, a large amount of A/B takes place and less for the turbojet. What would be the
case if the engines were constrained to dry supersonic cruise to minimize IR signatures? Figure 21
shows the results of such a study with the same basic mission assumptions as Figure 20. The fan engines
fail o perform the supersonic mission and the jet engines are best. Both the HTR and the variable
geometry turbine jet {which also has HTP capability) perform well. Hence, to perform an adequate study,

A T

AR SR

not only should the engine concepts contain an array of variables, but also those of the aircraft, and
finally the mission rules should be sensitized to determine where the best opportunities exist.
14
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Figure 20 Supersonic Radius with Required Maneuver and Figure 21 Optimum Systems for Dry Supersonic Cruise

Acceleration Capability (Fixed Airplane Design)

In the examples shown, several interesting engine concepts appear to be competitors. The use of VGT in
combination with HTR shows up as a primary candidate although further refinement of the process is
necessarv before a strong final position can be taken.
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3.0 LONG .1 2GE SUPERSONIC AIRPLANE
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A second military system which may soon get increased attention is either the SR-71 replacement or a
scaled-down super-Concorde. The technology which has evolved since such programs were initiated scme
15-20 years ago, by ongoing developments, suggest that much larger ranges are currently possible with
these vehicles at much lower weights and, hopefully, at greatly reauced systems cost.

H

An upparent major reason the military have shied away from expanding the role of such a global system
is cost. The importance of engine size and cruise fuel consumption (airplane drag and engine SFC) at
very high altitudes suggests that the engine concept may want to be entirely different than that for
the air-to-surface tactical vehicle. Extensive high altitude loiter and long subsonic legs may addi-
tionally be a requirement that could be met to add interest in this vehicle. Since such systems have
been costly in the past, every effort must be taken to make such an aircraft small. Figure 22 suggests
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- @ possible primary and alternate missions for such a vehicle.
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Figure 22 Basic Long Range Mission Alternate Long Range Mission
3
With the great strides whicn have been made in the past twenty years in titanium sheet, brazed and bonded '
honeycomb structure, advanced high tewperature composites, scalants, intakes, digital flignt controls, 4
and aerodynamics, it is ncw possible to design an outstanding global recon/strike system. Flight in the 3
Mach 2.7 - 3.5 region can now be combined with reasonable maneuverability, gouod loiter and ovutstanding

subsonic range, to provide far better military cost effectiveness than that offered by a derivative
SR-71 or a scaled Councorde.
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The long-range recon/strike vehicle requires an additional examination of more sophisticated engines
because of the much higher cruise mach number and altitude spectrum. These engines may nead to provide
large changes in operating pressure ratio as well as air flow tc achieve the substantial gains in fuel
consumption and specified ranges necessary for th: widely diversified use of the aircraft. Hence, true
dual-cycle engines, such as shown in the bottom of Figure 2, will be examined. In all cases, augmenta-
tion can be added either in the main stream, the "»n durt <., or both to provide thrust for over-
Ioaded takeoffs, transonic climb, maneuver, and for very high speed, high altitude dash.

Mission Requirements

Figure 22 i1lustrated two of many possible missions for such a vehicle. It is essentialiy a very high
altitude global penetrator. It must be small and, hopefully, simple to maintain to keep its life cycle
cost down. Because of these goals, 't may “equire one or more aerial refuelings to perform the longer

missions. The design wiil minimize the number of required refuels as a part of the low Iife cycle cost
goal.

For such an aircraft to be considered as viable, the engine is once again a major factor. Simply comdin-
ing variable compressor and turbine geometry with some form of augmented turbojet or turbofan will prob-
ably not be enough. Dry cruise is essential for good range factor. However, in the cruise range of H =
2.7 - 3.5, the design will require outstanding internal compression intake performance in combinztion
with a very distortion-forgiving compressor/fan system. Ideally, a low pressure ratio turbojet is what

is wanted at these cruise speeds. The problem gets even more complex when ule wants to combine this
requirement at more than one supersonic cruise speed (best range speed plus flight at specified aititude},
Toiter at high altitude, and subsonic engine-out return to base. Such aircraft would be expected to have
no operating field length restrictions.

Propulsion Systems

Extensive study on supersonic commercial transports has developed prejudices on engine cycles of interest
which are closely allied to those of the long-range recon/strike aircraft (namely, long supersonic range,
Tony <ubsonic range, extendec Toiter). MNASA AST studies nave caused engine and airframes to consider
engine types more typified by those shown in the bottom of Figure 2. In designs which try to satisfy
these different mission objectives HTR, variable area turbine, and compressor discharge bypass have only
a minima: benefit; mainly what is needed is a full convertability from a relatively high bypass ratio
turbofan Lo a turbojet. Airframe trades in such areas as aspect ratio, sweep and wing loading are made
to support the engine assessment. Due consideration of intake and nozzle performance, weight and com-
plexity must further be included. Engine manufacturers often overlook the intake and nozzle problems in
performing these studies because of the difficulty for them to include the system integration effects

in adequate depth. The performance, weight, air flow matching, control and drag of such components are
at least at the same level of importance as the gas producer. In deciding the complete propulsion con-
figuration (intake, gas producer, nozzle) all factors must be considered with equal importance in the
design of a Mach 2.70 - 3.50 engine system.

Such concepts as multiple bypass engines with flow diverters, and fan duct burning are currently being
investigated by the engine industry. The schemes shown in Figure 2 are in addition to these to indicate
there is plenty of room for thinking. Figure 23 shows an enlarged view of two pctential alternate
schemes for producing bypass ratio variability (RVVCE) and bypass ard pressure ratic variability (VPR).

In this study five engines were compared, all incorporating the same technology, but with different con-
figurations. The dry-cruising turbojet, with a short A/B for acceleration use only, is used as the
frame of reference, The duct-burning turbofan (DHTF), after-burning turbofan (ABTF), rear-valved vari-
able cycle (RVVCE), and the variable pressure ratio turbofan (VPR), are the chosen concepts. Basic
cycle data is shown in Figure 24, and comparative performance data are shown in Figures 25 and 26.
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Figure 23 Typical Variable Cycle Engines for Long Range Penetrator Figure 24 Engine Cycle Characteristics
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Engine- Airplane Evaluations

The - 'udy was conducted by sizing the engines to fit
a twin-engined aircraft incorporating aircraft study
variables consistent with a long-range vehicle at
fixed gross weight, see Figure 27. Fiqure 28 shows
the capability of the dry turbojet to perform a de-
sign mission (A) and selected alternate missions

(B, C and D). The design mission was selected with
takecff from an unrestricted field, followed by climb
and cruise at Mach number 0.90 until the aircraft
requires refuel. It then refuels and climbs to
supersonic best cruise speed and alt’tude (in this
case, M = 2.7 and 65,000 feet average). It cruises
out to the hostile territory at which time it ¢limbs
to 80,000 feet and Mach 3.0 and performs a fixed
radius mission of 500 nautical miles. It then re-
turns at Mach 2.7 to the refueling station, deceler-
ating to Mach 0.90 for refuel and heads home. The
open condition is the range at M - 2.70 available
assuming fixed aircraft and engine size. As shown
on the top of Figure 28, an unrefueled subsonic range
of 2,800 nautical miles was obtained for this air-
craft with the baseline turbojet engine. MISSION ¢ Wy

Figure 27 Long Range Penetrator
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LOITER
HOSTILE
TERRITORY- ¥
M9 M9 A
>>ReFuEL ; MAX CRUISE _.I 1000 NM I
HOSTILE
TERRITORY Y ERRr Ry ..\ M9
MISSION D M27

MAX CRUISE [hsonm) | 800 |k~~MAX CRUISE -~~-| 770NN | 500
Gaoo ] | LT |~m fzzonm]| 500

[60756 :réa'n's';{é‘ﬂe?é_nhliﬁeo ron
- Wi

EACH ENGINE - TURBOJET IS SH HOSTILE

TERRITORY -

I——m\xcauuse——il 1000 NM |

Using the same aircraft and engine, Mission B demonstrates a low altitude penetration of 500 nautical
mile~ radius with refueling taking place as far away from hostile territory as possible, which for the
curojet is 270 miles. Mission C shows that this same aircraft can loiter for 1.7 hours prior to a high-
altitude penetration of 1,000 miles radius at M = 2.70. Loiter fuel can also be used to increase tne
refuel “istance trom the hostile territory as shown in Mission D (430 nm). These alternate mission
choices were arbitrarily selected to indicate potential benefits only. The maximum subsonic cruise range
(up to refuel point) included in missions A, B, C and D varies for each engine type. The relative length
of the subsonic cruise leq for each engine is shown in Figure 29 and applies for all missions.

"\ REFUEL
a

Figure 28 Typical Mission Profiles

Figures 29 and 30 show a comparison of the figures of merit for the five engines considered. The base-
Vine dry-cruising turbojet compares; favorably with the other engine concepts in Mission A; however, che
variable-cycle engines appear to be somewhat superior. In the other three missions, the VCE schemes are

cons.derably batter.
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Figure 29 Long Range Penetration Mission Comparison Figure 30 Lo~ ; Range Penetrator Mission Comparison

The principal difference in engine concepts is that the RVVE and the DHTF are configured to pruvide

best air flow ratch on all mission seguents with the opiimum throttle ratio. These engines also have
best specific thrust at all conditions, but are 'imited in that cycle pressure ratio is not optimum for
211 mission segments. The VPR ¢ the other pand shows the best perforwance of all schemes. This results
from the good air flow match combined with the added capability to optimize cycle pressure ratio. These
comparisons srow that considerable reason for further de..lopment of variable cycle engine components is
Jusiified, priaserily oecause of the much better mission versatility inhevent with these engines.
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In this paper, two examples of potential military aircraft have been considered and study results on the
effect of selected variable cycle engines have been illustrated. Many other missions in such areas as
V/STOL and logistics carriers reveal a similar interest in variable geometry engines. The proper solu-
tions to such matters can only come about 1f-fully integrated studies of airframe variables and engine
variables are simultaneousiy conducted, These studies require a concentrated, combined activity of the
airframe and engine contractors. It is hoped that this paper reflects a contribution to the needs that
exist if we are to achieve the maximum potential at a minimum airframe size and cost.
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DISCUSSION

J.F Chevalier

Vous avez démontré qu'il fallait prendre en compte tous les paramétres variables pour faire une bonne optimisation,
et vous avez montré comme exemple caractéristique de I'erreur qu’on peut faire le cas d’un HTR jet installé sur un
avion 4 rapport poussée/poids au décollage fixé. Or, nous n’installerions jamais un HTR jet dans un avion a rapport
T/W donné. En cffet, si nous améliorons la poussée i grande vitesse de ce moteur, ¢’est pour réduire 1a taille du
moteur; donc nous aurions automatiquement étudié un avion au rappert T/W au décollage réduit. Nous n’aurions
pas fait erreur que 'on commet si 'on suit la deuxiéme méthode de votre conununication.

You have mentioned that, to achieve good optimization, all the variable parameters have to be integrated, and you
have given as an example, the installation of a HTR jet on an aircraft with a fixed thrust to take off gross weight
ratio. Now, we would never install a HTR jet on a fixed T/W ratio aircraft. As a matier of fact, if we improve the
thrust of an engine at high speeds, it is for the purpose of reducing the size of this engine. Therefore, we would
automatically consider an aircraft with a reduced thrust-take off weight ratio. We would not make the mistake
which would be made if we adopted the second method discussed in your paper.

Author’s Reply

In airplanes which have been designed today, which cruise with M = 1.2 with dash up to M 2.0, there is no reason
to talk about throttle ratios greater than 1 because engine design at sea level is exactly the same as the engine design
at Mach No.1.28 and if you are only going to dash to Mach No.2 the time you are at supersonic speed is very short
and therefore the use of an afterburner makes sense because of its light weight. But the plane which will dash sub-
sonically and cruise supersonically, one should be careful not to design the engine at sea level static or it will resuit
into a very large engine for supersonic cruise. This is the essence of what | was trying to express.

R.M.Denning

Is not the Olympus engine in Concorde ar example of the variable gcometry turbo jet with afterbumer used at off-
design conditions?

Author’s Reply

Concorde, being a Mach 2 airplane, is right at the upper limit as to whether high throttle ratios make sense according
in our studies. 1 feel high throttle ratio makes a lot of sense if you are cruising at Mach 1.6, If you get up to around
Mach 2 the advantage begins to disappear. 1do believe, however, if the Olympus engine had a variable area turbine,
you could have cut down the amount of augmentation at takeoff for the same total thrust and it would not be as
noisy an sircraft. But again | recognize this was not a fixed weight aircraft during the design phase and the way it
was ci. 'nging force you to use augmentation for takeoff.

R.M.Denning

On the variable pressure ratio engine with the bypass duct turbine is these not a mismatch in air angles on this turbine
when the mode of operation is changed?

Author's Reply

In the case of the variable pressure rativ engine you will note first that the fan is one of very high pressure rutio.
1t is of the order of 3.5 w 4. This is something we have never built before in an engine and which then minimises
the difference in the air angles the turbine sees. Secondly, 1 am not precluding the use of a first stage stator
variability in the low pressure turbine. As a matter of fact we do not use 3 stator sow in order to get around the
problem you are talking aboult.
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SOME ASPECTS OF VARIABLE CYCLE
PROPULSION SYSTEMS

by
F W Armstrong and D R Higton

National Gas Turbine Establishment
Pyestock, Farnborough, Hants, GU14 OLS, England

SUMMARY

The paper first considers the incentives which encourage the study of variable cycle
gas turbine powerplants. In addition to achieving performance gains at off-design running
conditions, and increasing safety and flexibility by providing greater operating margins,
there are now significant attractions from the environmental point of view in regard to the
control of both exhaust emissions and noise.

The gains potentially available in a number of civil and military aircraft
applications are outlined, together with the resulting requirements for cycle variation and
the implicationa for the configuration of the gas turbine engine itself and its intake and
exhaust systema, The substantial component and system design prodblems posed by advanced
variadble cycle powerplants are discussed.

1. INTRODUCTION

A 'variable cycle' propulsion syastem might be defined as one which incorporates provigion for the
significant variation of the thermodynamic cycle at seiected operating conditions, This definition
clearly embraces a wide spectrum of possibilities. At the same time, it is intended to exclude effects
purely associated with the use of cosponent matching aids for low-speed running in conventional engines.

Deliberate cycle variation may be achieved by a variety of means, ranging from variable
propelling nozzles, through more complex design features such as variable capacity turbines, to systems
involving gross airflow switching to obtain alternative series or parallel operation of major powerplant
components, Thus, some degree of added complexity is an inevitable characteristic of any variable cycle
solution to a powerplant project requirement. The level of technical uncertainty is generally increased,
as are the risks of reduced reliability and high maintenance costs. For a variable cycle solution to be
adopted, such factors need to be out-weighed by very substantial incentives. This paper offers a broad
discuseion of the incentives, design features, problems and prospects of variable cycle gas turbine
powerplants, illustrated by a number of potential applications considered in studies at NGIE.

2. INCENTIVES

As a form of prime mover, the gas turbine offers great design flexidility. Due to the steady flow
nature of the engine, each major component has to handle only one thermodynamic process. It is therefore
possible to assembly appropriately designed compressors, combustion systems, turbines and ducting in
various arrangements to provide - within limits - any desired thermodynamic cycle. Thus the current
aeronautical scenv features jet enginees having design preasure ratios ranging from less than 5 to about 30,
by-pass ratios from zero to about 8, and turbine entry temperat:res from less than 1100K to over 1600K.

Notwithstanding this basic design freedom however, the very large flight envelope pogseseced by
many types of modern aircraft inevitably leads to compromise in the choice of the powerplant cycle, and
operation far from the deeign point at some flight conditions. The thermodynamie cycle and airflow =ay
then be relatively badly matched to the duty required. At low pover, cycle efficiency may be poor. If
engine airflov demand is low, installation drag may e high. Both effects worsen fuel ecenomy. An
alternative possidbility ie that there may be difficulty in achieving the required thrust level due to a
strees, teaperature or aerodynamic limit being reached within the powerplant.

In sych aituations there is clearly scope, at least in prineiple, for achieving performance gains
by altering the cycle to improve the matching between the powerplant and its duty, The nature of the
required cyele chasge depends on the particular performance improvement deeired. Ascezement in the
contexnt of the aireraft application, making proper allowance for changes in installation drag, iz alwaye
necessary. It chould de noted that although variable cycle features add complexity to the pouerplant and
its control systea, an improvement in thrust capadility at a critical flight ecoadition ecould allow an
engine of emaller eize and posaidly lighter weight to be used for a pgiven aireraft miesion requircment.

In addition to performance benefite in terms of asteady.state fuel ecoaomy or thrust, gose variadble
cyele featuree can be deployed trancieatly to improve engine handlimg or provide faster thrust responce
capability, Such techniquee may also be useful for temporarily lewering the working lime on a cemprecsor
characreristic to imprave operating margine under extreme flight conditions where cevere inlet airflow
saldistridution ie liadle to ceeur,

Iaviroamental requiressats, now of majer importance in civi) aireraft design, constitute another
claca of inceativee for the atudy of variadle cyele powerplante. lIaternationally agreed legielatioa to
limit the noice of new types of cubacaic aircraft hac been in force for a numder of years, and is likely
to bacome mare striageat in future. la additica to & lowsring of the molce levels permitted for cudsoaie
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sircraft, such legislation may well be extended to cover civil supersonic transports. The noise produced by au
aero-engine ariges from a number of sources, whose relative aagnitudes depend very much on the design of the
engine. Cycle variation may be used to reduce a dominant noise source, for example by decreasing low pressure
rotor speed to lessen fan noise, or alternatively by increasing total airfiow at a given thrust level to reduce
Jet velocity and hence jet noise.

The need to reduce certain exhaust effluents is the other environmental constraint now affecting engine
deaign. Mach attention is currently being devoted to this problea, largely under the stimulus of requirements
framed by the US Environmental Protection Agency (EPA). These requirements cover several pollutants, with the
reduction of oxides of nitrogen (NO,) presenting the greatest technical challengc. Although the factors which
influence the production of NOy in engines are still the subjact of study and debate, it appears that NO,

A levele may be expected to increase as combustion chamber entry temperature rises - ie the NO, problems tend to
s be accentuated by the modern trend to high pressure ratio engines. A variable cycle capability which allows

i engine pressure rutioc to be somewhat reduced at the take off condition, may therefore be worth consideration as
X one means for reducing NOyx emission on the ground and at low altitude, At the same time, it is important from
o a fuel economy viewpoint that high pressure ratios should atill be availadle for cruising flight.

Summing up regarding the current incentives for the study of variable cycle powerplants, these may be
stated in terms of the following broad headings:-

(a) Incentives directly associated with the ateady-state performance capability of the powverplant -
improvements in fuel economy or thruat capability; relief of stress or temperature in high duty
components at extreme flight conditions, etc,

- s

(b)  Improvement in environmental conditions - noise and/or exhaust eaissions.
() Improved thrust response and other oparational factora.
3. TECHNIQUES AND DESIGN FEATURES

This section firat considers the principles which govern the matching and operation of a gas turbine
; poverplant at conditions away from its design point. With this as a basis, the means by which controlled cycle
3 variastion may be achieved are then outlined and discussed.

For equilibrium running at any flight condition and power setting, the propulsion system must operate
3 such that va:rious work, heat and pressure balances, and flow continuity, are maintained, As a result, each
& component of a conventional powerplant is constrained to operate along a 'working line' or within a restricted
- region, departing only during transient non-equilibrium operation when the steady-state work balances no longer
* hold. 1In this overall matching process, a dominant part is played by the effective fiow areas of the power-
g plant expansion and exhaust systems.

oo At the same time, it is essential for satisfactory running that each component shall always be working
' I within its boundaries of stable operation. It is usually the compreasion system which givas problems in this X
3 respect, and therefore considerable attention has always been paid to the ofl-design performance character :
i istics of compressors. An important outcome has been the successful development and widespread use of variable ;
stagger inlet guide vanes and stator blading. In modern high pressure ratio compressors; for instance, vari-
ability may be incorporated in perhaps five or six stator rows to obtain the 'corridor' of stadle operation
required for satisfactory starting and handling. Thus, consideradble experience has already been gained in the
aerodynamic, mechanical and control aspects of compressor atator variability. This existing body of experience
' provides a useful basis for the study of powerplants where deliberate control of the cycle at off-design condi-
tions is envisaged, although in many such cases much larger variation of the compressor performance character-
istice would be needed. For example, some concepts imply considerable pressure ratio variation, which might
‘ require the extension of variable blade stagger to include one or more rotor rowa.

)
L
S

e Returning to the downstream components which exert a controlling influence on the matching of the power-

plant es a whole, it can also be noted that comsiderable experience existe on variable-area propelling nozzles.

g The development of such rozzles was given great impetus by tne reheat or afterburning principle - itgelf a

H dramatic 'variable cycle' concept of fundamental importance for military aircraft with supersonic flight

5 capability, More limited experience exists oa variable by.pass mixing systems, which constitute a form of co-

< axial nozzle, operating unchoked, within the main jet pipe. Although involving some mechanical coamplicatioa.
these should pose no fundamental design difficulty.

s
It

Of much greater significance ie the problem of achieving variation of turbine svallowing capacity. In
view of the high temperature operating environment, it is fortunate that the swallowing capacity of a turbine
can be changed very substantially by varistion of ita nozzles alome, without any need for manipulation of the
; rotor blading. Even eso, the emgineering of a variadle capacity turbine so as to maintain high efficiency and
4% eatisfactory mechanical characteristies ia long-term use presents a comsiderable techaical challenge,
Turbines with variadble nozzles have been used in a number of engines, as well as for experimeantal purposes in
component test rigs. Experience is therefore building up, and some encouraging resulte have been reported.
For example, in 8 recent ‘demonstrator’ programwe in vhich a =mall turbo-fan engine was modified to include a
variable low=precsure turbine, performance comparisons with normal production engines “showed no aignificaat
penalties mssuciated with the incorporatien of variable geometry" (Refereaces 1 and 2). Glose attention to
detail design is clearly required to aveid efficiency losses due to low leakage via the root and tip clear- i
ances of piveted nozzle vanes. Up to mow, mest if not all applications have been to turbines whoae nozzles do
not require an internal cocling airflow. The added complication of combining a pivet systeam with a cooling
air supply ie formidable and acte as a powerful deterent to the use of this means of capacity variation on
high teaperature turdines. As aa alternative to pivolting of the nozsle vanes, some “wristion of swallow:ng
capacity may be praduced dy arranging for porticas of the aanulus wall to be moveable. 3o far, oaly very
limited experience of thic technique appeare to have beea gained.
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; = Another approach, analogous in matching terms to increasing turbine swallowing capacity, is to bleed H
3 ¥ off a proportion of the flow upstream of the turbine. Bleeding or 'blow-off' from the later stages of K
. ! compressora is already an established method for improving compressor handling in the low/medius speed .
. range. If applied batween the high pressure (HP) and low pressure (LP) turbines, a similar effect to
a increasing the LP turbine swallowing capacity would be obtained - ie, the HP syatem working line would be
- lowered on its compressor characteristic. This bleed technique could offer a more straightforward design
- solution than direct turbine nozzle variability, particularly for engines where the LP turbine operates at
temperatures such that nozzle cooling air is required. To avoid excessive circumfersntial flow
disturbance, bleed ports distributed around the whole cuter annulus wall would probably be needed. The
bleed flow could either be reintroduced into the jet pipe or simply exhausted through rearward-pointing
nozzles into the by-pass duct. Although the latter might appear to be a somewhat inefficient process,
the gain obtained from cycle re-matching might far outweigh a local inefficiency which applies to only a
small proportion of the total engine flow.

The more radical concepts for variable cycle or 'dual mode' powerplants involve arrangements for
the switching of major airflows., Such schemes have been envisaged for applications where a very large
3 change in total powerplant airflow between one flight condition and another could be beneficial. In
< addition to large valve systems within the engine itself, auxiliary intakes and i.. some cases
- ", propelling nozzles also, are needed. A variety of configurations has been discussed in the literature,
E A most designs having the basic aim of achieving parallel operation of fans or compressors in the higher
flow mode, and series operation for normal flow. Such schemes clearly preaent major engineering
challenges, not only in terms of the design of the engine itself, but alsoc in regard to the intaike and
exhaust cystems, and powerplant/airframe interactiuns generally. There are also dangers of considerable
‘ : performance losses due tc leakages and tortu.us airflow paths., These numerous difficulties will not be
N o, discussed in further detail here; suffice it to say that very strong incentives are necessary for such 4
: K radical design proposals to merit serious consideration. ;

2 b, SOME EXAMPLE APPLICATIONS

This Section diacusses examples of potential or actual applications of cycle variability, some of
N which have formed the subject of performance studies at NGTE. They are classified under the general
~ objectives of (i), increasing thrust capability; (ii) improving fuel economy; and (iii), reducing noise.

L Increase of thrust capability

In some cases the mission performance of an aircraft would be significantly improved if its power-
plant could provide an increased thrust at a certain flight condition. On a conventional engine, an
A increase in thrust rating simply implies running the engine at a higher rotational speed and turbine
2 “y entry temperature, leading to shortened life of high temperature components. It is therefore worth
g examining the possibility of achieving increcased thrust without raising turbine entry temperature, by
. ’i cycle variation. Now the majority of modera aero-engincs employ the by-pass or turbo-fan principle,

vhereby downstream of the fan the total airflow is divided between an outer fan duct and the central core
¥ engine., Thus there would seem to be some scope, at least in principle, for increasing thrust by means of
i a cycle change which directs a greater proportion of the total airflow through the core. This is
v considered below for the classes of engine used in civil transport and military combat aircraft.
L 4,1.1 Subsonic civil transports

The congestion which occurs on some of the busier airways in the altjitude band 20,000 to
35,000 feet has led to suggestions (for example, Reference 3) that a commercial advantage would be
avajlable to aircraft having more flexible operating characteristics - in particular, a capability to
cruise efficiently over a wide altitude band. For high altitude cruising, a rapid cliamd is needed,
demanding a high thrust at the engine climb rating. In such circumstances the availability of a ‘high
thrust mode', ta be used during climb and perhaps alao for take-off, would have sttractions -
particularly if turbine entry temperature increases could be avoided.

X St A2
[

] i The proportion of the total engine airflow which passes through the core can be raised in either

g of tuo ways:-

S
X (a) by increasing HP compressor noa-dimensional flow capacity.

< (b) for a given swallowing capacity, raising HP compressor entry pressure - ie 'supercharging'.

g T

5 @ Method (a) has been discussed recently Ly Kournouaindiab. who draws attention toc the need for a

A

; significant increase in HP eystea rotational speed capability. As a consequence, the veight of the HP

: asystem would be increased. In addition, the flow capacity increase obtainadle from over-speeding aight
be limited by choking of the HP compresaor. The method chosen for study here im (b), which avoids these
HP system problems but requires a means for producing the ‘supercharging' effect. It is envisaged that
FT this could be provided in a civil transport engine whoae design, as in the case of soae curreat engines,
L includee a nusber of core 'beoster' stages mounted on the LP rotor behind the fan. By designing this
booster system to de lightly loaded during normal engine operation, and incorporating variable geometry,
s signjficant increasc in work capability might be achievadble for the ‘high thrust mode'. The desired
variatica of presanre ratio between the two modes of engine operation would be aided by matching the
bocater stages well delow their surge line for 'nomal’ working. Although asuch matching would prodably
result in thege stages operating below their maximum efficiency, the coasequeat penally in overall cycle i
efficiency would be amall becavse the werk done by the booster stages rejreseats caly a ssall proportics
of the total coaprecsioa process in the eagine.
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VARIABLE WORK VARIABLE CAPACITY BY-PASS NOZZLE ;

LR COMPRESSOR LP TURBINE OR BLEED 3
TO BY-PASS DUCT

FIG.1 BY-PASS ENGINE FOR CIVIL AIRCRAFT

Figure 1 is a schematic illustration of a civil turbo-fan engine of the two-shaft type with booster
compressor stages on the LP rotor. Variable cycle features to provide increased climb thrust are
indicated, The LP booster compressor variables are operated in conjunction with a reduction in by-pass :
proptlling nomzle area, forcing the cycle to rematch with reduced by-pass ratio at a given fan speed, In :
regard to the HP system operation, three possibilities then appear:-

(a)  The whole HP system may be run at an unchanged noan-dimensional operating condition,
resulting in increased rotational apeed and turbine entry teamperature due to the increase in
HP compressor entry temperature.

(b)  The apeed and turbine teapersture increases of (a) can be avoided if the HP system is
operated further down its normal working line, While this results in some loss of the HP
flow increasc relative to (a), there remains a net increase, and hence a thrust gain,
relative to the 'normal’ cycle.

(¢)  The HP system non-dimensional flow can be maintained at its full value, without a rise of
turdine temperature, by an increase in effective LP turbine flow capacity, This effect,
which lowers the HP compreasor working line, can be produced either by an actual increase of
turbine nozzle throat area or by a bleed of core gas flow upstream of the turbine.

Of these options for HP system operation, it is fortunate that the latter two cases, vhich meet the
objective of achieving greater thrust without increasing turbine entry temperature, do not require core
nozsle area variability - at least for the exuample cycle conaidered in this study.

Figures 2, 3 and 4 show the results of performance estimates for a two-shaft engine having the
following aajor cycle parameters at its serodynamic dasign point at Mach 0.8, 30,000 ft, ISA:-

Yy-pass ratio 5.5
turbine eatry temperature 1500K
overall pressure ratio 27
fan by-pass section pressure ratio 1.7
fan core aection plus LP booster pressure ratio 2.25

The gaiaa in thrust available froam supercharging, inr conjuaction with the various ways of i
operating the NP systea discussed above, were cstimated for the cliamd condition. These, and the ]
associated rices {n sfc are showr ia Figure 2, plotted against the pressure ratio generated by the fan
rout section plus LP dooster cospreasor stages. On the smme basis, Figure 3 indicates the deployment
required in other engine variadles and Figure 4 shows some important cycle conditions. Consistent
aotation and styles of line are used for all three Figures.
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FIG.3 CIVIL_ENGINE VARIABLES

The broken lines labelled ‘conventional
engine’' refer to the datum case where speed is
increased in a fixed geometry engine, resulting in
increased flov and turbine temperature. Only a
small increase in LP pressure ratio occurs, arising
from the LP system moving further up its working
line., By comtrant, for the variable cycle cases
the fan speed, total airflov and by-pass section
pressure ratio remain constant. The cases
labelled ‘constant HP operating point', 'LPT cap
const', and 'LPT cap incr’' refer respectively to
the alternative methods (a), (b) and (c) of
operatiag the HP aystem as outlined already.

Tur the lacter tyo cases, turbine entry
temperature remains constant. As might be expected,
increansing effective LP turbine flue ¢ , ccity to
aaintain HP compressor non-dimensional sirflow
gives a significant advantage in verms of thrust
tor a given LP pressure ratic. Furthermwore,
estimates using reasonadle assusptions showed
little difference in thrust detween a direct
turbine capacity increas¢ and bleeding an
equivalent gas flow for exhaust via ceparate
nozgles. From a cycle change involving increases
in LP presaure ratio from adbout 2.3 to 3.1, aad in
effective LP turbine cepacity of about 8 par cent,
together with a reduction in dy-pase nogzle area of
about S per cent, a thrust gain of nearly 15 per
cent is achievable with no change of turbine eatry
temperature. For a couventional engine, a similar
thrust increase would require tgrbim entry
teaperature to rinc by about 80°C. For both cases
NP rotor speed would rise by around 5 per cent,
whiile for the conventionsl engine there would also
be some increase in fan speed. Specific fuel
consuaption in the high thrust sode would bde
alightly higher for the voriable cycle case than




. we -

p

LAl S

for the conventional engirne.

It may be noted that the 'constant HP oporating point' alteinative offers no advantage over the
conventional engine except that it does rot call for any increase in fan speed. For a given thrust
increase, turbine entry temperatures and HP rotor speeds are very similar, and sfc is higher for the
variable cycle case,

4.9.2 Military combat sircraft

The wide f1ight envelope of high performance military aircraft dictates the use of enginees of much
higher specific thrust than the turbo-fans used for modern subsonic civil transporta. Although the
by-pass principle is commonly usec, by~-pass ratios are generally around unity or lower, The by-pass and
core engine flows are generally remixed in the jet pipe to feed a aingle propelling nozzle. Although jet
pipe reheat is used to provide the large thrust boost needed for supersonic flight, there is also
considerable emphcsis, at some flight coaditions, on achieving the greaatest possible thrust with reheat
unlit. A case of especial importance is that of the very low altitude ‘'penetration' to the target on a
strike mission, requiring flight at a high speed with good fuel economy - ie with reheat unlit, The
maximum dry thrust available from the powerplant tends to be the factor which limits flight speed, the
problem being accentuated by high aircraft drag due to the carrying of external stores. In looking at the
question of whether thrust can be iucreased by cysle variation, attention is again concentrated here on
the technique of supercharging the core engine.

VARIABLE WORK VARIABLE CAPACTY  VARIABLE  VARIABLE AREA
LP COMPRESSOR LP TURBINE OR AREA PROPELLING
BLEED TO BY-PASS  MIXER NOZZLE

/

FIG. 5 BY-PASS ENGINE FOR MILITARY AIRCRAFT

Figure 5 illustrates a military two-shaft low by-pass ratio powerplant of the type just described.
Variable cycle features for thrust boosting are indicatsd. The requirement for a cammon static pressure
as the two streams rejoin in the jet pipe exerts a significant constraint on engine matching which terds
to limit the scope available for cycle variation. Also, with a low dy-pase ratio multi-.stage fan it
becoues unrealictic to eavicage a variation of the core cection pressure ratic indapendently of the
hy-pasa section, particularly if, as is often the case, no LP core booster stages are used. For thie
study then, the iucrease of LP precsure ratio for the ‘high thrust mode' is considered to apply to the fan
as a whole, thus raising by-pass pressure as well as core entry preasure,

A representative flight condition for the phase of the miesion in question ie Mach 0.9, Sea-level.
Figures 6, 7 and 8 chov the results of performance estimuates at this condition for an esgine having the
following cycle paremctors at its Gea-level, static desiga peint:.

by-pass ratio 1.0
turbine entry tomperature 600K
overall preeaure ratis 3
fan preasure ratio 2.9

The sam~ three alternatives for aperatioca of the HF cystem as for the vivi] esgine have been
studied, and a similar etyle adopted for the preceatatioa of resulta. Again the 'coavestiomal eegins’
case has deen included ap a datus,

Connidering the aame range of LP presqure ratio (though this now appliee to the by-pass as well as
to the core stream) the results for thie military esmmple are broadly similar to thoee for the civil
engine, The thrust increase for the incressed effective LP turbime eapacity case is slmost the same &8
for the civil eagine, as aléo {a the rice of turbine eatry temperature associated with thip thryal
increace for the datus coaveaticaal engine. The thrust gaia available without iacreasing effeetive
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turbine capacity is rather better than for the civil
engine. Again, &3 for the civil engine, the
‘constant HP operating point' case appears to offer
little attraction relative to the conventional
m‘“o

Mention has already been made of the added
constraint asaociated with exhaust flow mixing in
the military engine. For the constant turbine entry
temperature cases, matching at the mixing plane
becomes progresaively more diffieult with increasing
thrust boost, deepite the use of a nixer having
variable relative flow areas. The change in core
section area as a proportion of the constant total
area iz chown on Figure 7. At the higher thrust
eonditions the Mach nuaber of the oyter stream at
the nixing plane is approaching 0.6 (zee Figure 8),
while the inner stream Mach number has fullen to
about 0,16, This marked dicparity would have been
still greater if the design point fan pressure ratio
kad not been selected &0 as to give a Mach number for
the outer ctreas lower than for the inner,
specifically to allow for these trends. The probles
would of couree de alleviated if a degree of
independeal control of the by-pass and core cection
P pressure ratics uere posaibdle, as assumed for the
civil eazine.

The abave examples have explored the applicas
tioa of the core supercharging priaciple to increace
the thrust of twa very differeat desigas of bdyepass
type engiae, withoyt increasing turbime eatry
teaperatyre and with a salatively =mal) rice in K¢
votar epeed. This basic prineiple is of couree
slready uced, particularly for civil tirbo=fans, in
the conventional developmsat of yprsted fixed
geonetry enginec., The uee of cycle variability to
ebtain & ‘high tarust sode' ic oaly attractive

FIG.8 MILITARY ENGINE CYCLE CONDITIONS where the uce of o geacrally uprated cagine would
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lead to serious pensities elsevhere - for example, in cruising fuel consumption. The variable cycle
engine would be significantly more complex than a conventional engine. The provision of the LP pressure
ratio increase required for supercharging is clearly a key feature of the concept. As mentioned in
diacusaion of the civil engine, this capadility might be sought from a combination of compressor variabdle
geometry - hopefully confined to the stator blading - and matching the stages in question low on their
operating characteristics for 'normal’ operstion. In regard to the increase in effective LP turbine flow
capacity which is also needed if the maximus potential from core supercharging is to be recalised, it is
noteworthy that these studiea suggest that a bleed upstrean of the LP turdine may be virtually as

effective in thrust terms, and possibly considerably simplec, than varying the capacity of the turbdine
itself,

Finally, mention should be made of the possibility of increasing the achievahle thrust boost by
combining the core supercharging concept with an incresse in total engine airflow. In principle, the
variable features discusmed above could be used to rematch the cycle at higher LP speed, as well as
increased pressure ratio, to giv. a greater fan airflow while still matataining turbine entry
temperature constant. The increased speed capability would in general require some increase of LP rotor
weight, and its effectiveness in increasing flow might be limited at high non-dimensional speeds by fan
choking., Because of this latter consideration the more fruitful applicstion would probadbly be to *he
military engine case st Mach 0.9, sea-level, where non-dimensional speed is reduced below its take-off
value due tc the elevated intake total teaperature.

4,2 Improviag fuel economy

The combat type aircraft discussed in thé previous Section alac provides a good exazple of a
flight condition where the prospects for {mproving fuel economy by cycle variation invite study. Thias is
a return cruise to base at low altitude, The aircraft is nuw without external stores and at light weight.
Flying st a modest speed in the region of Mach 0.6, drag is low and the powerplant is opersting at only a
fraction of its maximum dry thrust. The specific fuel consusption of the engine is therefore well sdove
its minimum value, on a curve which rises rapidly as thrust {s reduced. Thus, the lower the aircraft
drag level, the higher will be the afc. For instance, if the aircraft has variable-sweep wings, the
advantage of using minimum sweep at this flight condition to reduce lift-dependent drag will be partially
offset by an increase ir engine sfc. A further factor which accentuates the problem is that por>rplant
irstallation drag is high at low thrust, due to the low engine airflow demand.

Figure 9 ahows engine performance at Mach 0.6, sea~level. TRe thrust requirement might de in the
region of 30 per cent of the maximum dry value. At this thrust level, the sfc of the basic engine is
about 15 per cent above itas minimus value. The reasons for this situation are clear from the other
curves on the Figure. Although propulsive efficiency improves with thrust reduction, the benefits - f this
are outweighed at low thrust by the progressive decrease of thermal efficiency resulting “~om degradation
in the major cycle parameters of overall pressure rotic and turbine entry temperature. For exasple, at
30 per cent thrust the preasure ratio, which has a powerful influence on cycle efficiency, has fallen to
around half its full-power value. The powerplant is
clearly not well matched to the propulsion require-
ment at this flight condition, and it would appear
that there aight de scope for iamprovezent Ly cycle
variatioa.

Figure 10 provides an indication of the
| results of a prelimicary exploration of such
i prospects. Tha sfc versus thrust curve for the
basic conventioaal engine {a shown sgain, as the
datun. The broken curve which branches froa that
for the dagic engine at about &5 per cent thrust
shows the order of improvement in afc which is
obtainadle fron a eimple form of variadle geometry,
namely closure of the propelling nozele until ite
PROPULSIVE 08 throat area iz adout 70 per cent of the reheat unlit
EFFICIENCY ! design point value. The effect of this {s to
oe increase specific thrust and raice therma)
efficiency to a greater vxteat than the assoziated
fall of propulsive effiziency. At the thrust level
04 of interest, engine afe ia improved by about 5 per
ceat, Unforturately, thie gain will be partially
a2 offcet dy an .nerease of inatallatioa drag due to
the reduced engine airflor, While the magnitude of
this drag penalty is very depenizat oa the aircraft
iatake and afterdady dexiga, it could eut the
beaefit in fuel eeonomy to adout half the dasie
engine afc improvement. The gains in fuel ecoromy
from this techuigque are therefare emall, although
quite readily available by arranging for the
variable propelliag nogzle to be capable of closure
below its descign poiat reheat ualit area.

THERMAL

|
'
!
P
I EFPCIENCY
; .

The varisble nosnle may aleo offer scape for
fuel economy agalms at eome flight ceadisioasr uhich

- X require Righer eryige thrust levele, vhea opeainsg
0 w gr fw‘g'! w© W% the noagle 2ay be profitable. Aa advantage of sued
casee iz that {mstallation drag is mow reduced,
FIG.9 MILITARY ENGINE PERFORMANCE  atlouing a doudle besefit if engine sfc also
M+06, SEA LEVEL) improves, It ehould e caphasiced that {mprovements

ia fuel eccacmy by ncecle variatioa is dry ewgine

o e - oy e 3 ettt - -—— - e




o= ;(»_T?‘?."_T..!’\:ﬁ'f}-.{'—,’f"ﬁf.,"::‘i’_:..?-j'e‘.'?"lAfi R TR T A M T T T ) T -

oporation are sensitive to thrust level, basic engine
cycle and the detailed performance characteristics

of the engine components - for example, the
distribution of efficiency contours on the fan
characteristic. Detailled study of individual cases
is thus particularly necessary. The attraction

RELATIVE here is that although the available gaina are
SFC. generally small, they can be had essentially by
121 - : ' .- arranging for the more refined control of an exist-
\ ) | l ing powerplant component, namely the variable
S : i ‘ nozzle which is necessary for reheat operation.

" ' N ] t Moving to the other extreme in terms of
%}ﬁ“‘“ﬁ’g{"g ' ’ | complexity, the lower, shaded band gives a broad
AREA REDUCED i LuTUM FIXED indication of what might be obtainable within the

108 - g i o SEOMETRY ENGINE constraints of the same carcase size as the basic

| | O engine, and the same overall preasure ratio, but
! i | \\\‘§\ given otherwise complete freedom in varying the
: ! ‘\\\\\\ cycle, Thus the variables for these estimates were
o9t ' i ot \\\\\ - by-pass ratic, turbine entry temperature, LP and HP
\\ : \\\\\'\\\\\ ! compreasor pressure ratios (vit.h)the proviso ofla
N ® cve constant value for their product), and all swallow-
ab - - | Wq %i:;':gx gt:;;‘EI:NT‘ ing capacities except that of the LP compressor,

0 r ! T OVERALL PRESSURE vhich was maintained constant at the design point

! i RATIO CONST) value for the datum engine. Component efficiency
' i | values were alaoc assumed equal to the deaign point

07 % t | values for the datum engine.

0 ga ‘lo GLO alo 100% For the low thrust case, very large sfc
improvements are theoretically available, amounting
NET THRUST to more than 30 per cent before taking any credit

for reduced installation drag. However, implied in
such improvements are drastic cycle changes - for
exanple, an increase of by-pass ratio to more than

FiG.10 SCOPE FOR S.F.C. REDUCTION 10! This seems well beyond the bounds of
(MILITARY ENGINE M=0-6, SEA LEVEL) feasibility at reascnable levels of complexity

e, and cost. To attempt to approach such a degree of
o ; cycle variation would result in the whole engine
> \;‘ design being dominated by the variable cycle

' requirement, with enormous technical risks. More
vl realistically, the challenge here is to devise

practicable designs which yield a worthwhile

performance level intermediate between this extreme
example and the small gains available from the nozzle =rea trimming discussed above. Preliminary studies
suggest, however, that the difficulty of finding a cost-effective solution in this area may be consider-
able, unless the additional component variability required could also be used to good effect in other
parts of tae aircraft flight envelope.

T
P,

4.3 Noige reduction

e It has been noted earlier that cycle variation aimed at reducing noise can take a variety of
directions, dependin/ on the balance of the engine noise sources. For engines having a high jet velocity,
a valuable technique for noise reduction at reduced thrust conditions is to simply open the propelling
nozzlc. This results in a reduction of turbine entry temperature and jet velocity, the required thrust
then being achieved at higher LP rotor speed and airflow, and lower turbine entry temperature and jet

=+ e e ettt

potential solution to the noise problem of future supersonic transport ajreraft (S5T'u). [luo uesign
requirement for long range supersoaic cruise leads to strong emphasis on minimising powerplant
\ installation drag and weight., Furthermore, the high aircraft velocitv at supersonic cruise necessitates
co an cagine of estantially high jet veloeity. Curreat S5T's (Cancorde a.. (UY4h) therefore make more nois?
_ in the vicinity of airports than modern subsonic ajreraft fitted with high by.pass ratio turbefans.
However, future 5ST deaigne will need to show significantly improved noise characteristics, Unless a new
s and highly effective techaique of jet moise suppression is established,this will eatall a reduction in jet
e ! velocity at the taxe off coaditioa.

% velocity. A notable application is to the Olympus 593 engine of Concorde, for nuise-abatement climb and
% approach to lar“ing. At the latter condition, an increase in propelling mozzle throat area of about
= X 30 per cent gives a noise reduction of about 6 PNdB (Reference S).
3 * For high by-pass ratio engines vhere fan or LP turbine noise may be the significant problem at low
. thrust conditions, some improvement might be achievable by reducing the co-e nozrle arca. This has the
£or effect of redycing the LP »oter speed and increasing the core jet velocityé the balance of noise sources
E 'r* {s therefore changed. This technique was discussed by Wilde and Pickerell™ in conneection with lesign
N studies of three-zhaft civil turbo-far engines, a pousible noise reduction at approach of about > PNdD
b being estimated.
sl
o = Far more radical schemes for eycle variation are envisaged by some project engineere a+

2 ' Figure 19 gives a simplified indication of the variation of jet noise with velocity. Due to the
s o chape of thie curve, a considerable change of engine demign will be necesszry to gain a substantial noise
%

reduction., Allowing for some improvement in aircraft climb characteristics, and taking inte account the
important aubjoctive effects of noise spectral content and duration, it has been estimated that the
2y eschievomeat of noise levels appropriate to a future SST will require at least a 50 per ceat airflow
iucrease at & given thrust. To achieve this by simply fitting larger engires and tReir assoejated
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intake systems could give riwe to a substantial penalty in terms of weight and supersonic cruise drag.
Variable cycle schemes involving large increases of powerplant airflow at take-nff and landing conditions
have therefore been widely studied. While such schemes would add considerably to powerplant cost and
weight, scope does exist for compensating for these disadvantages by virtue of the better fuel economy
characteriatics potentially available from a higher flow powerplant during subsonic phases of the flight.

An SST needs to carry a very substantial fuel load for subsonic flight, covering departure fros the
airport area, climd to height and possible subscnic cruise over densely populated areas, as vell as
diversion and holding conditions, This can amount to approximately double the passenger payload.
Therefore an improvement in subsonic fuel eccnomy can be very significant. Figure 12 compares subsonic
afc ievela of a turbo-jet sized for supersonic cruise requirements, and a by-pass cycle having 50 per cent
higher airflow than the turbo-jet at the take-off condition, thrust levels being related to the needs of
an aircraft of slender delta form. 1f most of the potential improvement shown could de obtained in
practice during the ‘high flow' mode of operation of a variable cycle powerplant, the saving in sudsonic
fuel would be an important factor to sel against the added weight of the powerplant. Thua it might be
possible to praduce an S54% having a paylosd fraction similar or superior to current aircraft of this class
but with much better noise characteristics. This having deen said, the prodlems of implementing a
radical variable cycle powerplant concept for an 8ST chould also be emphasized. Development to meet the
stringent civil safety requirements at aminimum weight, together with high performance and good in=service
zaintenance characteristics, would be a large task inmdeed.

5. IN CONCLUSION

The coutrol of the pawerplant cycle with the object of gaining performance improvements has been a
subject of study by prepulajon engineera over many years. More receatly, reduction of noise haa eatered
the scene as an additional objective, However, although some sigaificant examples of eycle variation

ave appeared in production enginea, these have generally beea of a relatively straight forvard nature,
squiring little in the way of additionsl coeplexity or navelty. Indeed, most acronautical applications
have conainted of the exploitation of a variadle preopelling nozzle. Schemee involving osubstantial
increase of developmeat effort aad rick have not so far been isplemented.

What, then, are the proapects for the future? The lauaching coste of new aercnautical projects
have now reached high levels in relation to available resaurces, even for collaborative veatures betuween
major partaera, Proporals for novel design featurem which imply increaszed risk and development cost wil)
therefore inevitadly attract highly critical scrutiny. Valuable denefits relative to altermative
solutionn will meed to de ia procpect, together with s good level of confideace in the succecs of the
proposed developmeat.
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Such confidence must depend largely upon the availability of a basis of practical experience of the

design features in question. This was acquired quickly for variable propelling nozzles and variable !
compressor stators, and led to their widespread application. As mentioned earlier, experience of an ;
encouraging nature is now accumulating on turbines with variable nozzle guide vanes - much ot it in the
non-aeronautical gas turbine field. Some experience is also being gained, on both sides of the Atlantic,
in the use of variable rotor blading for eingle-stage fans. Bleec valve systems are al~eady in quite
common use in the lower temperature parts of engines, both for compressor surge margin improvement and for
supplying substantial quantities of compressed air for aircraft services such as flap blowing. This
again forms a useful fund of experience, though the more extreme variable cycle concepts would require
far-reaching further development. Regarding the control of variable cycle powerplants, the sophisticated
capability required could be provided by digital systems which are now finding their way into the aircraft
propulsion world,
For the future, variable cycle schemes will continue to face strong competition from alternative
solutions. The more radical schemes will not easily find acceptance, especially where their development
o would require a significant diversion of resources from the mainstream of powerplant evolution. At the
3 E - same time, we may expect the growth of component axperience, discussed atove, to produce a climate where
N variable cycle principles will be used more widely in well-chosen applications. Certainly there will
A continue to be scope for ingenuity in thinking about the design of powerplants to meet the varied
‘S propulsion requirements posed by modern aviation.
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DISCUSSION

N.F.Rekos
You did raise a question at the very end. You expressed a great deal of concern regarding, let us call them the
“radical concepts” and let’s say, general reluctance of getting involved into any such development. These radical
concepts will probably be discussed later. Do you expect to have or do you expect to enlarge your capabilities in
your work at NGTE to include some of these so-called radical cycles?

Author's Reply
Several project studies aimed at establishing practicable variable cycle powerplant configurations have been under-
taken at NGTE over the lust decade or so, and the Establishment will naturally continue with such studies. How-
ever, regarding the more radical variable cycle concepts, a very careful evaluation of the benefits and penalties, in the
light of particular project requirements, must precede any decision to embark on major experitiental programmes
which divert resources away from the mainstream of powerplant evolution.

My own view is that we will tend to adopt a more evolutionary approach than is currently advocated in some
quarters, and that we shall concentrate on developing the techniques which enable us to progressively introduce
greater degrees of variability in well chosen applications.

Mr Swan has propcsed some dramatic changes to the power plant which would necessarily involve tremendous tech-

y nical risks. However, there is much in his paper with which 1 would agree. In his discussion of the ‘High Throttle

: Ratio’ concept he has shown that substantial benefits can result from careful selection of the engine design con-

dition. I believe that, by adopting a highly integrated approach to the design of engine/airframe combinations for

particular mission requirements. it will be possible to avoid the complexity, and inherent risks, associated with some
» of the more radical variable cycle concepts.

N.F.Rekos
1 was wondering where somte of your work could be directed to.

& { know we are in the United States concentrating a great deal on variable area turbines variable geometry nozzle
S g valoring arrangements for military and civil applications. I think later onn you are going to hear a paper on
b

i propellers. You will find from this paper this has applicability from both military and civil applications. You also
S g) will hear a paper relating to cycles to optimize fuel corsumption. We are highly concerned of saving our fuel re-
} sources. The fecling is that one must consider these things even though it is a great rise. The alternative is per-
i forming limited operations with conventional vehicles and possibly using too much fuel.
Author's Reply

I have been expressing some personal reservations concerning the prospects for complex multi-mode variable-cycle
powerplants. It was not my intention to give the impression that t consider work along the lines you have just men-
tioned to be unrealistic. To the contrary, much of our effort is directed along similar paths.

l Regarding the variable pitch propelicr | agree that this deserves very serious consideration.

¥ -

3 E.Willis

# Your presentation seems to emphasize an evolutionary or incremental approach to VCE development. Do you

X believe that major progress will result from this appreach? Do you not feel that effons should also be applied to
some of the more “radical” ideas? *ﬂ

E Author's Reply j

Clearly the case for radical VCE schemes needs to be investigated, and | am not suggesting that such work should not

i be undertaken, indeed it should. What § amn doing is expressing some scepticism about the liklihood of such schemes

& being adopted as a result of a step change in technology. My belief is that a mote evolutionary approach will pro-

bably be pursucd for the reasons discussed in the paper.

)

& E.Willis
1ts kind of a circulur process though because without the examination and demonstration of the critical pasts the
-t scepticism is always going to remain.

Author’s Reply

: Yes, but in mounting a major exercise a2 this stage one would risk wasting a large portion of the available research
H and development resources.

&
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R.J.Latimer
Have you used any change in turbine efficiency in your cycle calculations?

Author's Reply
Not for the studies reported in the paper. A number of relatively lightly loaded uncooled variable turbines have
been run with, it has been claimed, very small penalties in efficiency. Indeed, we have some experience at NGTE
with such turbines. However, on cooled turbines for acronautical applications the problems of maintaining

efficiency are very great, but we have assumed constant efficiencies in our calculations, at levels typical of fixed
geometry machines.
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PARAMETRES D'OPTIMISATION DES MOTEURS EN FONCTION DE LA MISSION

J~B. Cocheteux - A, Counsimault - J-C.G. Ripoll

Centre d'Essais des Propulseurs de SACLAY :
91406 ORSAY FRANCE 3

RESUME
w
On examine les conditions dans lesquelles se détermine le choix du cycle pour un moteur militaire ., Des
méthodes élaborées d'optimisation existent mals les outeurs essaient d'éclaircir le problame par une réflexion directe, Dans
le cos des avions de combat, les coniraintes imposées au choix sont passées en revue et I'intérét de la géométrie variable

3 apprécié .

E 3 L'influence des hypothdses définissant la mission est tr2s grande . Si dans certains cas |. _hoix des carac~
o L téristiques fait 'objet d'un compromis assez facile, dans d'autres cas des contradictions apparaissent.

~ L'étude et 1o mise ou point de nouveaux moteurs doivent étre cbordées en tenant compte d'un vaste ensembie
de paramatres dont certaing ne sont ni techniques ni quantifiables,

L INTRODUCTION

. Lo caractéristique des 8tres vivants est d'avoir atteint un degré de perfectionnement odmirable qui leur

oo permet de se reproduire en s'adoptant toujours mieux aux conditions de leur vie. Sons devenir capable de maitriser |'alchimie
: des chromosomes |homme o su sélectionner patiemment des voristés optimisées pour ses besoins et disposer de vaches qui ne
donnent que du lait, comme de basufs qui ne donnent que du filet, c'est & dire exactement ce qu'on leur demande.

Quelle surgrise de constater que lorsqu'il s'agissait de fabriquer de toutes pidces des mécanismes, les ingénieurs,
. f' qui n'ont rien & rendre oux éleveurs, ne solent pas parvenus 3 définir des modeles qui recueillent 'uncnimité des faveurs |
: : Nul n'ignore cependunt que la naissonce d'un nouveou moteur d'avion est désormais entourée de nombreux cercles de tétes

l“ pensantes, qu'elle est le fruit d'un long processus de décision, dans lequel apparait bien souvent le maitre-mot “optimisation”,

Essayer de comprendre & quelles difficultés peut se heurter cette démarche a priori puissonte et efficace ,
comment !'effort d'optimisation peut étre mis en défout, quels espoirs peut faire naitre la nouvelle race des moteurs & géométrie
variable, tel est ici notre propos, limité au cas particulier des avions de combat, sans toutefais exclure la référence & d'outres
types d'utilisation.

oyt ——. T
T T

Un programme de moteur d'avion d'armes ou de transport commercial est devenu une offaire d'Etat, qui engage
. des sommes trds importontes, des efforts de longue durée, |'avenir de nombreuses personnes . C'est pourquoi toute décision doit
s'appuyer sur une analyse approfondie pour laquelle on requiert les moyens les plus modernes.

Malheureussment il y o eu des cos ol on a découvert trop tard que les ordinateurs ne pauvaient restituer que
ce qu'on leur avait fourni, et des avions qu'on croyalt parfaitement optimisés n'ont eu aucun succés. Sans doute parce que les
critdres d'optimisation retenus n'étaient pas bons. Nous pensons que |'avion (avec son moteur) optimal est celui qui remplit
X bien la mission qui lui est confiée . Mais cette mission est bien difficile & définir et & exprimer en termes quantifiobles assimi-
lobles par une machine. On pourrait dire par exemple que lo mission d'un avion commercial est de rapporter lo gain maximal
& son opérateur . Ce serait oublier qu'il doit d'abord 10 faire accepter par les habitants de cette plondte en pleine crise de
conscience techmologique. De méme la mission d'un avion .ilitaire serait de donner la victoire si I'on oublicit o recherche
sincére ¢! répandue d'une paix véritable.

[
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Il y o danc peu d'espoir que lo réunion dans un vaste programme d'ordinateur des équations de lo mécaniquae,
de la thermodynamique, de l'oérodynomique, des meilleures nidthodes de calcul des structures of des écoulements, des conéla-
tions les plus récentes sur les tendances technologiques, des statistiques wur les codts et délais,etc. .. .puisse donner un résultat
valoble si quelques“coups de pouce” ne sont pas donnds au bon momaent,

Notre exposé na prétend pos résoudre te probltme ni miime 1ons doute le poser complitement, Dang un premier
temps, nous allons essoyer de voir dans quelles conditions peut 1e dérouler une optimisation formelle faisant appel & des donndem
quantitatives et techniques. Ensuite nous exominerons d'outres élémants qui, pour iitre moins tachniques et surtout molns quanti-
fiables n'en sont pas molng impartants,
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OPTIMISATION FORMELLE

Le processus d'optimisation comprend norma-
lement les phases suivantes : (voir schéma ci-contre)

- définition de la mission & accomplir par |'outil & réaliser

- établissement de critdres quantifiés mesurant la valeur du
travail effectivement accompli,

- recensemen! des paramatres régissant les caractéristiques
de ['outil produit et des contraintes subies ,

- calcul déterminant la combinaison des paramatres donnant
la meilleure valeur au travail accompli au cours d'une

mission.
Prenons un exemple :

Mission virage demi~tour d'un avion de combat
connu,

Qutil trajectoire suivie,

Critere temps pour tourner (3 altitude maintenue),

Paromatres angles d'incidences et d'inclinaison ,
poussée ,

Contraintes limites de la structure, du pilote, du
moteur, de |'otrodynamique, etc...

Calcul voir por exemple la référence 1.

Le calcul explicite est possible parce que :
- la mission est clairement et simplement définie,
- le critdre est bien calculable et opprécicble,
- l'influence de chaque paramdtre est déterminée.

Euayons d'appliquer ces notions qux avions
militaires et & leurs moteurs .

lssue de réflexions qui prennent leur source

TECHICUES. | [CONCEPTS DE _DEFENSE

' T T

' v v
DX [OEFINTION] (APPUCATION] |
PARAMETRES|3| L'OUTIL |4 MISSIONS

g 1PRat Y ' | $

. CONTRAINTES | —»

N()N? .
‘ CARACTERISTIOUES] |
CAIERE | FONCTION o] “PERFORMANCES
£1"90 | o| OPERATIONNELLES
MINI_|"| "CoUT |e| ECONOWNOUES | |

Ut

v

OPY‘IMUM

/ POLITIQUE DE DEFENSE

A\ :

/ ORGAMISATION DES ARMEES  \

/ ADAPTATION AUX THEATRES D'CPERATIONS '\

/ DISSUASION , STRATEGIE, TACTIOUE, LOGISTIOUE, DIVERSA

/ GRANDES CARACTERISTIQUES DES SYSTEMES U'ARMESX

dans lo politique de défense, la configuration générale de
I'avion impose certaines contraintes cu moteur et la mission
& gccomplir est grossidrement définie. Clest ce que schématise|
le tableau de la figure 1. Ce n'est que tras lentement, & me-
sure des découvertes de la recherche et des réussites technolo-
giques, que les concepteurs imaginent des systémes ayant des
configurations trés nouvelles,

Au stade actuel et comme le montre le
diagramme de la figure 2, I'onalyse des missions conduit &
la conception de systdmes plus ou moins spécialisés. S'ils sont
128 spécialisés, il est plus facile de les définir et les missiles
concurrencent facilement les avions. Si la mission comprend
une grande part de souplesse et donc d'iatelligence active,
la présence Je I'homme du ‘ent indispensable : il s'agit d'un
avion pev spécialisé mais blen difficile a définir. Avec plus

1 i i ] !
Transport de personnel|| ADAC i| |Armement :
Transport de matériel ADAV B;::;zg Equipement sﬁub{s::;]u&
Liaisons Classique Spécial personique
Surveillance
Reconnaissance \ I / ~
Appui tactique p) ~Z /
Combat aérien o (" Configuration ) #
Interception Générale | Contraintes

Fig. 1 - Défl

pour le mateur

nition générale de |'avion

ou moins de conventions et dans des conditions que nous exo- OIFFICULTE “MISSIONS
mit\erom plus loin, on arrive péndralement au co?cept d'un DEF?SIYION
avion ou de plusieurs avicas remplissont fes fonctions néces- ) . ‘
saires et qu'il convieat de réaliser suivant un certain calendrier A s‘%‘:ﬁg'ﬁfge 3
et dans ua certgin contexte industtiel . N %}?‘ ;

Un processus d'optimisation peut s'eagager avions 7 Q, o\)‘ .
olors qui devrait antribuer une valeur, positive ou “efficacite”, : 3
aégative o’ colt," & chacune des carachéristiques rdsultont de . !
lo conception du moteur définie par un choix de parametres . n . :
dons le cadre de la techaologie dispoaible. Mais cette valeur : B T :
ne peut 1e colculer que dans le cadre d'une mission peécisée. TRANSPL . RCCPTION DU SOL i

SURVEILL *E
H s'ogit em effer de pouvolr formuler une “fonction d'efficacing KECONNAISSANC ™ © zTRATION 8A :
globale” dort on essgiero d'orteindre le manimum, —_— ;;"EG'GUE
SPECIALISATION

Fig. 2 - Premiire onalyie des missions
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Les principoux paramatres disponibles sont rappelés en figure 3 . Nous nous bornerons ici & examiner le

cas des turbomachines faisant appel d des cycles de type connu . Ces cycles sont finalement définis par un nombre assez
restreint de caractéristiques :

Le nombre de flux est limité par |'ingéniosité et rencontre
évidemment des problames de complexité et donc de poids.
Leurs importanca relatives psuvent, sous les mémes réserves,

varier largement, entre la voleur tr2s grande attribuable & :
CONCEPTION
I'hélice et la nullité des plus simples turboréacteurs. Les rap- PROPULSEUR
\ N DU MOTEUR
ports de pression caractérisont les cycles des divers flux peu- l
vent dtre choisis dons une large gamme mais 1o marge est

Y

étroite entre les températures acceptables par fe thermodyna- AUTRES TYPES “

micien et celles supportées par les matériaux, Enfin la réchauffe pE  PROPULSEURS TURBOMACHINES
3pras turbine est un vieil exemple de cycle variable pratique- I
ment par tout ou rien, »

CYCLES DIFFERENTS CYCLES NORMAUX
Des travoux constants de recherches et de mise au point, dans NUCLEAIRE | NOMBRE DE FLUX
les domaines théoriques et technologiques ont permis depuis FOYERS SEPARES RAPPORTS DE DILUTION
les premiers modales & géométrie fixe de se libérer progres- ECHANGEURS RAPPORTS DE PRESSION
sivement de multiples contraintes, et |'avenir peut apporter T TEMPéR:Eg:izF::SRB'NES
beaucoup plus. Le caractere de simplicité attaché a la

géométrie fixe a certes été nécessaire pour les premiéres
réalisations, mais on le retrouve toujours grice aux qualités
inhérentes en matidre de colt, de facilitd d'entretien ,ede
robustesse, qu'il s'agisse d’avions-écoles ou d'appareils
consommables, lorsque les contraintes rappelées ci-dessous
ne sont pas insupportables.

Fig. 3 - Principaux paramdtres disponibles

Contraintes en géométrie complatement fixe

- Nombre de flux toujours le méme,

- Compresseur et turbine : cacactéristiques dépendant du nombre d'étages gui varie de fagon discréte ,
- Compresseur at turbine tournent & lo méme vitesse, en permonence,

- Le rapport de dilution varie naturellement en fonction du régime de vol,

- Le rendement de |'entrée d'air varie, la distorsion peut étre trop forte,

- Pertes incontrdlées par jeux, refroidissements, décharges,

- Régime de combustion se désadaptant ,

- Pas de réchauffe possible.

11 est bien clair que ce stade est dépassé et que les avions élaborés qui assurent le transport des passagers
dans des conditions remarquables, ou qui figurent dans les systémes de défense les plus puissants tirent parti de véritables
progrés dont les principaux sont rappelés ici :

Au stode actuel des améliorations

Portes de décharges interflux  : Rapport de dilution et nombre de flux varient d'une fagon limitée
Stators de COMP!Q;;:; :‘s calage varigble : Dé;-m—o:im du champ du compresseur (tronsitoires, démarrage .. .)
Enlrée d—‘:ir-; géométrie variable : -‘Le rendemant varie peu, la distarsion est réduite

Tuyeres & section variable : Le poi;'- &ﬁ;;l—o;:;em est misux contrdlé ; les !ramito:r—es plus

rapides ; la réchauffe est possible

Souffionte & calage variable : Adaptation meilleure & a vitesse , tronsitoires oméliorés

— -

Quant & l'avenir. pour autont qu'il ne soit pas bouleversé par des crises difficilement prévisibles, on peut
penser qu'll verra se développer des perfectionnements oy des nouveautds dont les plus ottroyontes paraissent &tre les suivontes :

Do I'gvenir
Vonnes de direction des flux - cycles werie-paralltie
- inversion jet chaud -jet frold  (poussde basse vitesse , bruit)
Section varioble des distributeurs de turbine : Ligne de fonctionnement optimisée , débit canstont
Calage variable : Rendement améliord
~Cambrure des aubes, rotors & calage variable :  Optimisation permanante : marge au pompage , readement du compresse,
~Tronsmission & vitesse variable rapport de pression , ddbit du morteur
:E_fglﬂ_ &bﬂﬁ&l“l
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Certains des dispositifs de géométrie variable ont 616 utilisés en fait depuis assez longtemps sur les turbo-
réacteurs . Par exemple :

- Les stators de compresseurs & calage variable
Initialement il s'agissait d'améliorer o marge au pompage du compresseur aux irds bas régimes, mais, griace
au développement des systames de régulation perfectionnés, ils peuvent dtre maintenant utilisés pour améliorer |e rendement
ou le débit du compresseur dons tout le domaine, ou pour combattre en toutes circonstances les effets de la distorsion de
I'6coulement dans |'entrée d'air .

- Les vannes de décharge taient & 1'origine de simples échappements d'air perdu destinés & permettre les évolutions cux faible
vitesses de rotation ; désormais il s'agit de larges orifices permettant une redistribution des flux dans un assez large domaine
de fonctionnement.

- Les tuy?res & section variable ont 616 indispensables pour permettre |'accroissement de débit réduit produit par la réchauffe
des gaz. Cette réchauffe est d'ailleurs un véritable changement de cycle thermodynamique accompagné d'un changement
de la géométrie, Mais teur emploi s'étend désormais & la modification de |'odaptation des compresseurs sur le mateur sans
réchauffe ; on peut ainsi diminuer certaines pertes d'interaction.

Cet examen rapide et non exhaustif permet néanmoins de classer fes dispositifs en trois catégories :

Premier niveau : éléments améliorant localement |'efficacité ou le fonctionnement d'un composant du moteur sans répercus-
sion notable sur le cycle : ces éléments aujourd'hui pratiquement limités aux aubages directeurs de compresssurs devroient
apparaitre prochainement sur les turbines et sur la chombre de combustion, Leur action sera de maiitenir optimal le rendement
du composant concerné sur la plus grande plage possible d'utilisation.

C'est ainsi qu'on peut penser s'attaquer au probiéme des perfurmances & régime réduit. Un dispositif particulidrement intéres~
sant serait celui qui maintiendrait & tout instant & leur niveau minimal les écoulements parasites ou secondaires générateurs
de pertes comme ceux dus aux jeux en bout d'aubes ou aux circuits de refroidissement,

Deuxidme niveau : il s'agit de faire varier |'adaptation des divers composants du moteur entre eux afin d'optimiser la
configuration pour chaque cas de vol . Les variations de cycles qui en résuitent restent limitées puisqu'il n'y a pas de change-
ment de configuration. Le seul élément aujourd'hui utilisé, la tuydre & section variable, ne suffit pas pour réaliser cette
optimisation : il convient de rendre variables les autres sections critiques du moteur. Le développement de cette géométrie
variable passe donc par la mise au point du distributeur de turbine & section variable.

Troisidme niveau : c'est celle qui provoque une modification complite du cycle par un changement de configuration. La

réchauffe ou post-combustion entre dans cette catégorie. Parmi les systémes en étude la diversion des flux porait promise &
un bon avenir grdce aux possibilités qu'elie offre de résoudre les difficultés du transport civil supersonique . Qu'en est-il
pour les moteurs militaires ?

intérét pour les moteurs militaires

Le premier niveau de géométrie variable s'inscrit directement dans le codre de |'amélioration des composants
du turboréacteur. Elle intéresse donc tous les types de moteurs et ne peut donc étre considérée comme d'un intérét spécifique
au domaine militaire.

Le troisizme niveau peut paraftre séduisant pour la propulsion d'un avion militaire polyvalent. On sait en
effet que le meilleur cycle pour les missions de pénétration, de convoyoge ou comportant une part d'attente importante corres-
pond & un taux de dilution élevé pour un rapport de pression élevé ; pour des missions de combat tournoyant, un taux de dilu-
tion moyen et un rapport de pression élevé assaciés & une post-combustion pilotable conviennent mieux ; enfin,pour les missions
d'interception en haut supersonique, le meilleur cycle corespond & un taux de dilution et un rapport de pression faibles avec
post -combustion,

Un moteur capable de réaliser tous ces
cycles pourraft poraitre idéal, mais outre qu'il parait douteux i
que I'on parvienne jamais & une telle "souplesse”, un tel moteur
serait trés certainement lourd et surtout encombrant, ce qui se
traduiralt pour un avion fortement motorisé par des pénalités et
traindes qui contrebalanceraient les bénéfices de la formule,

ALTITUOE ]
e

Le niveau intermédiaire semble plus prometteur
pour les mateurs militaires. Si 1'on examine le domaine de vol
d*un moteur superionique (figure 4) on s'apergoit que la perfor-
mance maximale du moteur est {imitée par des facteurs mécani- NL LIMITE
ques ou thermiques différents selon les cas de vol. Il 3'ensuit
que la poussée du moteur ne correspond & |'optimum de lo
formule que dars une petite partie du domaine de vol . Une
adaptation variable devrait permettre de déplacer ces limitations
de fagon & autoriser le fonclionnement & 1'optimum du parametre
intéressant (pressions powr la poussée, rendements pour lo
consomngtion , efc..... ).
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LE MOTEUR ET L'AVION

Dans le processus d'optimisation dont nous suivons fe dérouiement se place maintenant une étape décisive ,
celle de I'intégration du moteur & I'avion. En effet le moteur n'est qu'une partie du systame ot méme du sous-systdme qu'est
encore |'avion , L'optimisation doit donc porter sur la totalité du systdme. Mais, pour |'instant, considérons seulement
Pavion et ses qualités intrinsdques . En associont une formule de moteur & une formule de cellule, il est possible, au prix de
calculs d'avent-profet dont les références 2 et 3 publiées par I'AGARD, donnent les grands principes, de faire apparaitre les
qualités caractéristiques rassemblées dans le tableau de la figure 5,

QUALITES CARACTERISTIQUES

LPERFORMANCESJ | EMPLOI I ECONOMIE

INTEGRABILITE A RAYON DACTION FIABILITE CoUuT DE
L'AVION AUTONOMIE VULNERABILITE DEVELOPPEMENT
POUSSEE PLAFOND SURVIVANCE COUT UNITAIRE
NOMINALE VITESSE MAXI RESISTANCE A coUT DE
POIDS ——. ! TEMPS DE MONTEE L'ENVIRONNEMENT MAINTENANCE
ENCOMBREMENT MARGE DE ——»| SIGNATURE LR. ——»| DUREE DE VIE
COMPATIBILITE MANOE UVRE CARBURANTS COUT D'INDUSTRI-
AVEC ARMZIMENT LONGUEUR DE DIVERS ~ALISATION
E£T EQUIPEMENT DECOLLAGE SURPUISSANCE
INCIDENCE MAXI S I e
| MANIABILITE D'URGENCE
o |temesoE 1 L
VITESSE
D'ATTERISSAGE ] Y Y Y
Y ! v Y
ME SURES APPRECIABLES MAIS ESTIMATIONS
PHYSIQUES NON MESURABLES FINANCIERES

Fig. 5 - Principales qualités caractéristiques

Nous avons classé ces caractéristiques en trois groupes :
Les performances sont physiquement mesurables et s'expriment en kilomdtres, en secondes, en nceuds ou en “"g".

Les coractéristiques dconomiques s'expriment en unités monétaires bien définies mais ce ne sont que des estimations, lo mesure
ne pouvant se faire que bien plus tard, trop tard.

Enfin les qualités d'emploi ne se mesurent pas vraiment ; elles peuvent s'apprécier ou prendre un caractere statistique.,

Das lors le probléme qui va se poser est celui de I'amalgame de ces qualités, ramenées si possible & une seule
unité de mesure, et pondérées pour former ta fonction & optimiser. Nous allons voir que suivont le type d'avion envisogé, ce
probléme est plus ou moins difficile, voire réaliste. En effet, |'opérateur principal qu'il faut appliquer aux caractéristiques

de performances pour les mesurer est la mission exacte que devra tenter d'accomplir |'avion . Dans le cadre du présent exposé
il ne sera pas possible d'entrer dans les détails et d'ailleurs notre propos doit s'orienter vers |'apport de fo géométrie variable.

Voyons sur un exemple l'opplication des concepts exposés précédemment.

Soit le probléme de lo surveillance des cotes ; 1'én~cd davient :

~ Mission : Surveillonce des cites
» Outil : Avion classique subsonique
- Critere : Taux de présence en tout point
- Poramitres : Taille e cycle du mateur
= Controintes : Emport du matériel spéciolisé
Budget alloué
= Coleul : Pour divers avions de transport existants oa peut déterminer le taux de préisence correspondant

& lg flotte permise par le budget

Nous voyons ici qu'intervient trés fortement H'une des qualités, qu'oa puut repedsenter par I'autonamie.
Recherchant ainai les points importants dans un ceriu.n nombee de eas, on peut dresser le tableaw de la figure 6 dons lequel la
taille des rectongles indique approximativement |'importance ottachée & chaque carockéristique powr lo mission correspondonte.
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Examinons quelques cas plus en détail

PRINCIPALES QUALITES D'UN AERONEF DFPENDANT BEAUCOUP DU MOTEUR

PERFORMANCES ECONOMIE
AAYON MANDEU | REGIMES | viTesse |COUT 0E | gumee | cout .
TAILLE ISANCE
0 ACTIgN |AUTORORIE| PLAFONO L ypq)yyre) o uncenct | maxt “o"s‘:v;!" ot vie | 0ACHAT e fay :

TRANSPORT . Rt I

= = i
- T 1

SURVEILLANCE E:j

MARITIME
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INTERCEPTION COMPATIBILITE .
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PENETRATION | | || TS g
1 & g
suptatomiTé |[a—C I i 1 1l o <
PROBLEME DE |counnauuvé *3 c
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Fig. 6 ~ Importance des qualités pour les missions

AVIONS DE TRANSPORT CIVILS SUBSONIQUES

Les profils de missions d'un avion de transport civil étant assez peu voriés et fes criteres de choix étant des
critéres économiques, le probléme de |'optimisation d'un projet d'avion est assez facile a formuler. On peut le résumer de la
fagon suivante :

~ Minimiser le codt du transport (colt du sizge x kilométre ou de la tonne x kilométre ) ;

- Respecter des contraintes imposées par la réglementation, les infrastructures oéroportuaires, le réseau des compagnies
aériennes, les golits des passagers, telles que

. le niveou de bruit

. la longueur de piste nécessaire au décollage et & I'atterrissage
. la charge marchande

. la longueur d'étape

. la vitesse de croisiére

. I'altitude de croisitre

. le plofond avec un moteur en panne

Daons la pratique I'optimisation peut étre découplée en deux optimisations séparées du moteur et de la cellule.
Ceci est évidemment schématique, en réalité une collaboration entre avionneurs et motoristes est nécessaire, forsqu'on lonce
un projet de moteur il est évidemmant préférable de savoir & quel type d'ovion on le destine, Cette colioboration est en porti-

culier indispensable pour choisir un point de croisidre e pour cholsir lo taille du moteur. Une fois ce choin fait, il s'agira pour
le matoriste de :

= Réduire lo consommation spécifique au point de croisitre reteny . Caci est imposé por le poids du codt du carburont dang
le colit du transport oérien .

St la longueur d'étape étalt imposée,on pourrait dans lo recherche d'un cycle optimum teair compte des phases de montée
et de descente . En fait une telle optimisation serait de peu 3'intérit cor le polds respectif des phases de montée, de
croisitve et de descente dépend énormément de lo distance & parcoueir. |l serait économiquement obssrde de concevoir
des moteurs différents pour long-courrions et court-courriers. C'est pourquoi on peut dire qu'll existe un point de caleul
(typiquement outour de Mach 0,8 30 000 f1) ob il s'agit pour le motariste de minimiser lo consammation spéeifique.

Un oplimum économique entre colt du mateur et consommation spdcifique existe sam doute. En effet lo diminution de

la consommgtion des moteurs o pour conséquence une sophistication et doac una colt acery de ceux-ci . L'augmentgtion
du colit du carburant déploce |'optimum vers des moteurs meins gourmands mali plus chers & 'achat et d'entretion. |l en
o4t cimai dons les poys Industrialisés (qui fabeiqueat les moteurs et les avions) mais on pourralt concevolr que dons des
régions du monde ol le carburont est bon marché et le personnal qualifié est rare et cher, !'optimum 50it difiérant @t que
dos maMériels pau peiformants mals rustiques o boa marché solent préférobles.

- Respecter lo niveau de beuit imposé par lo rdglemeatation, pour autant qu'il ealste une populatioa weceptible d'dtre
ginde.
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~ Veiller au rapport poussée/poids du moteur car la masse du moteur se répercute (avec un coefficient multiplicateur)
sur la masse de |'avion et en oéronautique le poids est I'ennemi n® 1 des performances et des colts.

Les deux contraintes que nous venons d'évoquer n'enh ent pas nécessairement en conflit avec la recherche
d'un optimum de consommation comme le monire i'¢volution des cycles des moteurs d'avions civils, Les moteurs trés dilués,
a fort taux de compression et & température devant turbine élevée permettent de sotisfaire les trois exigences citées plus haut
(JT9 ,RB2V1 , CF 6, JT10, CFM 58),

Les constructeurs de celluies procddent ensuite d une optimisation de leurs projets (flache, épaisseur de
5 voilure, taille de voilure, nombre de moteurs etc.... ) compte tenu des moteurs disponibles, de |'état de I'art en matiare
: d'aérodynamique, de structures, de systdmes et des contraintas dvogquées plus haut,

Lo décomposition de |'optimisation des projets d'ovions civils en yue d'une optimisation séparée des moteurs

3 et des cellules traduit assez bien la réalité mais elle ta schématise, Nous avons parlé de |'intervention des avionneurs au

. ; moment du choix du point de croisiere et de la toille du moteur mais elle nous semble souhaitable également au moment du

: choix du cycle, En effet, la recherche du taux de dilution, si elle est fovorable au bruit et & la consormation, nuii au rapport
o poussée/poids & grande vitesse , & lu trainée des nacelles, & I'encombrement des moteurs, ce qui o des répercussions sur les

; cellules,

N AVIONS MILITAIRES

4 SN Le probléme est de méme assez facile & poser au motoriste lorsque les missions sont simples et bien définies,
: ' Ce sera le cos des avions de tronsport vu de surveillonce maritime dont le cas diffare peu de celui des avions civils. Il est
significatif que ces avions emploient les mémaes moteurs que ies avions civils, le choix du turbopropulseur ou du réacteur
double flux résultont du choix du point de croisidre.

Pénétration , uppui tactique

e Ce sera également le cas des avions de reconnaissance, de pénétration ou d'appui tactique. Pour ces avions
*il s'agira toujours de maximiser le royon d'action & charge militaire donnée ou de maximiser la charge militaire & rayon d’aciion
‘ e donné, ce qui se traduit pour le motoriste par la recherche d'une consommation spécifique minimale au point de craisiéra fixé,
L I'avionneur se chargeant de produire une cellule de masse et de trafnée minimale. Pour ces avions le taux de motorisation est

ey secondaire, il est moins impartont que le rayon d'action , il faut simplement assurer & I'avion des capacités d'auto-défense

suffisontes et conserver des longueurs de piste ou décollage raisonnables. On pourrait schématiquement poser le probléme de
la fagon suivante :

P

g BT

= Minimiser la consommotion spécifique en croisiére a taux de motorisation en combat et au décolloge Imposés. Ces deux
contraintes interviennent non seulement dans le choix du cycles mais qussi dans le dimensionnement du moteur,

7 La seule part d'arbitraire dans la formulation précédente provient du choix du taux de motorisaticn . Le
- 8 respect d'un toux de motorisation minimum va A l'encontre de la consommation la plus faiole. Le meilleur gvion du point de
vue rayrn d'action serait sans doute trés peu motorisé (& couse de lo forme des courbes Cs (F) ) mais trés peu apte o combat .t
: demanderait beaucoup de piste pour décoller. Un probieme onalogue se pose d'ailleurs au constructeur de celivle lorsqu'il doit
. choisir une surface de wollure. Le meilleur avion de pénétration au point de wue rayon d'action aurait un moteur et une voilure
- -3 dimensionnés pour la croisidre basse altitude, c'est le missile de croisire.

Intercepteurs

Y "; La caractéristique essenticlle demandée & 1'interceptour est Lo copacité d'uccéléralion et to vitesse ascension-
= . } & nelle qui dépendent du bilan poussée-trainée :
a S w9
i avee T = poussée
. P, X = tralnée
: o v = witesse
N = altitude
. Moo= W, V2 oltinde totcle
: 9
P M = mose de I'avioa
2 L'intervalle de temps nécessaire pour pouser de I'altitude totale Ml & altinde totale Mi2 et domée par
; lo formyle : M2
A ' ¥ e &
A He -
¥ L'Invercepteour doit donc avolr un rapport poutsée/poids le plus élevé pousible, le rapport poutsde / poids du

-

motaur dalt donc dwee 1o plus élevé poasible. -

-y

e ‘»n,",f*

T T e g T s e S e So- Come e e

— .




St N T T A Y e TR A T T

La poussée variant avec le Mach et I'altitude de fagons différentes suivant les cycles, le cycle le meilleur
est celui qui maximise |a probabilité d'interception des avions hostiles, En toute rigueur cet optimum dépend des performonces
des radars et des missiles (portée et capacité d'accélération ou de denivelée) , plus les missiles sont performants et moins il est
nécessaire que les avions intercepteurs soient capables de trés grondes vitesses, Cecl n'est pas sons conséquences sur le choix
des cycles des moteurs, Par conséquent si on peut dire que 1'augmentation des rapports poussée/poids est un paramatre essentiel
d'optimisation, le choix du meilleur cycle doit résultar d'une optimisation des performonces du systéme avion-missile, compte-
tenu des hostiles 3 intercepter,

Lo consommation de carburant n'est pas & négliger car |'intercepteur doit posséder une certai-ie capacité de
poursuite & grand Mach et grande altitude pour contrer d'éventuelles évasives de |'avion & intercepter. Cr 4 consommation
spécifique donnde le débit de carburant est proportionnel & la poussée,

Cependant I'sugmentation de la poussée & Cs constante conduit en général & diminuer la quontité de carburant
nécessaire pour ctteindre un niveau d'énergie donné, Pour mesurer |'efficacité d'un avion en croisiére on définit la consomma-

o tion kilométrique :

K & Ckm _ CsTAt _ _débit de carburant

e - i V At vitesse

. De méme pour mesurer 'efficacité d'un intercepteur sur la plan de la consummation de carburant, on peut

E ' 3 ; rapporter celle-ci & |'aceroissement d'altitude totale :

E . CHr _  carburont _ CsTdt

- Sy oltitude totala dHt
S CHt _CsMg T

. X v T-X
. e En différenciont :

A - dCH _ _dCs , dT _ dT _ _dCs *_gl(_-x

CHt Cs T T-X Cs T T->
. et 3 Cs constante :
d CHr i =X 0
- CHt T T-X
T

¢ . ‘l La recherche de ropports poussée/poids élevés conduit donc & diminuer les temps de montée et & amsliorer

. les temps de poursuite . On peut donc augmenter la poussée en dégradant la Cs (por exemple par augmentation du taux de
N ;‘ post-cambustion} sans pour autant cugmenter CHt , du moment que :
g dCs X dT &0

Cs T-X T ™

ta figure 7 montre I'influence d'une augmentation de 10% de lu poussée dons tour le domaine de vol, sur
le déroulement d'une mission d'interception. L'avion le plus motorisé monte plus vite en parcourant une distonce plus fuible,
il peut effectuer une poursuite plus longue mais notons qu'en rayon d'action les deux avioas sont équivalents,

INFLUENCE D'UME AUGMENTATION DE POUSSEE

MISSION D’ INTERCEPTION +10% A CS CONSTANTE
Poussie
MACH 2 30000 # _ ‘Qarbuu‘nl‘fons:fnmﬁ ‘s | Retarence| Augmentiée! Gains
Roul. Décollage . Montie :
(2 VItasi  T.0.  Climb 66 57 ‘9_ -
,,7——' 2 Poursuite . BC. Partielie 1 23 .9 :
» ) g e e — :
; - ) ——;7 3 Retour, Desc. Réserves 20 20 = E
- . Temps de montée
. " EFFECT. OF 105 ~25% b
. MORE THRUST Temps de goursuite || oo f
‘ . AT SAME SFC e o g
3 Rayon d’action - ‘
g Radius :
a -
¥
R Fig. 7 - Example de colcut J'influence
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Supériorité oérienne

Le problame devient plus difficile & poser Jorsque le moteur doir equiper un avion dd de supériorité abrienne.
En effet ce terme est assez vaguo et il recouvre des missions extrémement variées,

La figure B donna des exemples typiques de missions de supériorité aéric:ne . On peut constater que |'avion
duit nosséder de nombreuses qualités :
. Etre apte ou combat tournoyont donc avoir une gronde manceuvrabilité,
. Avoir de bonnes capacités d'aces lération supersonique ,
. ktre économe en carburant en croisiere subsonique vers Mach 0,6 - 0,8 et 20 000 - 30 000 fr,

o
"\
ct
A

N\
W CROISIERE_SUBSONIQUE
’—/ COMBAT
Z—” INTERVENTION LONGUE DISTANC

Fig. 8 - Description de missions de supériorfté

De plus au cours de 1a carridre opérationnelle un tel avion peut 18 vair confier des missions de pénétration
basse altitude ou d'appui tactique. Il foudra donc rechercher un bon rayon d'action & basse altitude,

En bref, l'avion congu puur lo supériorité oérienne est un avion polyvalent du fait de lo variété des missions
que recouvre le terme supériorité oirienne. Il est donc difficile de parler d'optimisation dans ce cas cor on attache autont
d'importonce & des exigences contradictoires, comme nous le venons plus bas. It serait plus exact de dire que H'avion et son
moteur sont les résultats de compeomis plutét que d'une optimisgtion. L'exigence de Forte motorisction est contradictoire avec
celle d'unn fuible consomm.gtion kilométrique & basse altitude ou d'une gronde aritonomie en combat & lo poussée maximale,
Mals il faut noter que le taux de motorisotion & uae vitesse cf une altitude donnée dépend autont du cholx de Lo taille du motewr
que du cholx du cycle.

GEOMETRIE VARIABLE DES AVIONS ET DES MOTEURS

On demande & un avion polyvalent typique :

- d'avoir un rayon d'oction élevé ea pénétration & bosse gltitude ,
- d'tre copoble diatercepter des avions volant & gronCe vitesse et haute oltitude,
~ de posséder des corochiristiques & boise vitesue satisfolsonses (vitewes d'otterrisuge ot de décollage).

De méme que lo forte motorlsation (powr te combat et I'lnterception) va & l'encontre de la faible consommarion
& povssée réduite (pour la pénétration & basse oltitude) , de mdme les deun promitres enigences conduizent & des wefoces de
voilure falbies et loas deun dernideas & dos syrtoces de vollure grondes. De plus lea performonces en wpacionique demandent des
ailes minces unfliche ou détriment det parformunces & basse vitesse. Clest duma te but de résoudre ces contradictions qu'ont
&t comstruits tes pratotypes & plométrle voraible . Lo flache voriahle parmet en offet de concilier les pedformancas & bosse
viteise of les parfarmonces 0 iwpessontaue au peix blon entendy d'une complesitd et g'um collt acervs.

lei aous pouveas tealer de folre un paralléle cawe lo gioménie variuble uppliquée oun cellules et ko péoméuile
variable appliquée aux ®mgrevs.

Ce qu'on o coutume d cppeler avions & grométrie variable sont les avions & fléche vaelable. En réalind les
avions & flache Fise équipds de bees et de volets mobiles, d'eatedcs d'air & partias wobiles sonr difd das owions & giomédnie
voriacle.
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Quant aux moteurs, quant oa parle de gsométrie variable on pense souvent cycle variable et en particulier
taux de dilution variabla. tl ne faut pas oublier que les moteurs équipés de post-combustion sont déjd des moteurs & cycle
variable et que les portes de décharge, les aubes a calage variable sont de la géométrie variable.

IV y aurait donc pour les celiules comme pour lus moteurs une "grande” géométrie variable et une “mini"
géométrie variable.

Cellules Moteurs

N Gn:ande G.V. Flache variable Taux de dilution variable
Niveau I

- Mini G.V. Hypersustentateurs Aubes 3 calage variable
Niveau [l Cambrure variable Portes de décharges (?) E

Entrées d'air
"
Niveou | Tuyores
Essayons de justifier ca paralldle plus en détail
- Le choix d'une flache et d'une épaisseur relative de voilure est un choix du méme rype que le choix d'un taux de diiution. B

Le constructeur de cellules dcit faire un compromis entre des performances basse vitesse et des performancses grande vitesse,
le constructeur de cellules doit faire un compromis entre la consommation spécifique en subsonique et la consommation et
la poussée spécifiques & grand nombre de Mach.

- Le choix de la surface de voilure “ressemble” a celui d'une taille da moteur. Une grande surface permet de diminuer les
vitesses d'approche et d'améliorer la munoeuvrabilité mais augmente la trainée lorsque le vol se fait & grande vitesse et
faible incidence (pénétration basse altitude & grande vitesse ou interception) . Un taux de motorisation élevé donne des
performances brillantes en combat et en accélération mais est inutile et méme nuisible en pénétration et en appui tactique.

- Les dispositifs hypersustentateurs (becs de bord d'attaque et volets de bords de fuite) permettent une meilleure adaptation
de la voilure & son point de fonctionnement (vitesse et incidence). Ils procurent un domaine de bon rendement plus lorge
qu'une voilure de cambrure et de vrillages fixes, & partic d'une forme on plan et d'une loi d'épaisseur données. Il y o donc
vne certaine analogie entre cette mini G.V. et les niveaux | et Il de GV sur les moteurs.

L'exnérience acquise dans la géométrie variable sur ovion paut aiors nous éclairer sur |'intérét de ia géomé-
trie variable appliquée aux moteurs.

Les essais en vol et les études ont montré que dons 1.%ains cas particuliers la flache varicble ne s'imposait
pas.Les progrés de |'hypersustentation du point de vue aéredynamique et réalisction mécanique permettent de trouver une
combinaison de surface de voilure, de flache et ¢'éprisseur relative qui réalise un bon compromis entre diverses exigences
contradictoires et qui rénond aux besoins (er par.iculier en matitre -~ vitesse ¢'atterrissage ).

s Coette conclusion n'a pas de portée générale quant & l'intérét de la flache voriable. Ii est bien certain que
si 1'on voulait réduire la vitesse d'approche sans réduire les autres demandes, le recours & la fléche variable serait inévitable.
Mais dans cer*ains cas on peut estimer qu'une réduction supplémentaire de la vitesse d'approche ne vaut pas la compiexité et
le colt de la fleche variable. |l y o bien sr une part d'arbitraire et certains utilisataurs qui ont des besoins opérationnels
particuliers ont pu faire des choix différents (F 14 , MRCA).

Mais comme nous le disions plus haut, te résultat d'un processus d'optimisation dépend des contraintes -
imposées a priori au produit final et il est trés important de connaltre le colit de cas contraintes ; il est évident que plus on
est exigeant et plus le produit final sera cher.

Dans le cas des avions, les progrds de la géométrie variable au niveau Il permettent de se passar dans une
certainu mesure de ‘o gdométrie variable du niveau HI,

e NP

CONCLUSIOMN PARTIELLE

Au terme de I'examen que nous venons de fairs da quelques cas particuliers nous pouvons tirer une premidre
conclusion. Certes cet examen est tris incomplet, Nous n'avons pas essayé d'expliciter toutes les missions militaires, cela
nous aurait conduit beaucoup trop loin . Nous n'ovons méme pas fait appel & tous lgs paramatres significatifs définissant une
mission. Par exemple nous nous sommes limités aux grondes distances parcourues par H'avion ; les petits mouvements sont aussi
importants, c'est & dire les manceuvres indispensables pour le tir des armes et missiles, les combats tournoyonts ete.. .. Le
pilotage classique de |'avion dans les manoeuvres upérationnelles actuelies conduit & exiger du moteur la stabilité dans un
domaine d'incidence-dérapage étendu, comme le montre la figure 9 .

Malgré la simplitication faite, il est clair que le probleme des choix techn’aves a pu étre raisonnablement
formuié en termes d'optimisation pour des avions (et des moteurs) spécialisés , par exemple maximiser le rayon d'action basse
altitude & Mach 0,8 , & masse au décollaye et taux de motorisation impcsés, ou bien inversement minimiser la masse uu décol-
| lage & rayon d'action imposé. Le probieme est alors bien p: sé et las choix neuvent 8tre éclairés par des études paramétriques
. significatives.

: Par centre lorsqu'on veut réaliser un avion ou un moteur polyvalent et qu'on accorde une impartance égole au
& rayon d'action, aux capacités d'uccélération, & la mancsuvrabilité, & la vitesse d'atter-issage, il ne s'agit plus de faire une
¥ optimisation mais des compromis, Supposons néanmoins que |'an vouille utiliser une fonction “colt" & minimiser qui fasse inter-
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venir le rayon d'action, le toux de motorisation, la vitesse d'opproche etc, .., le toux d'échange entre ces diverses perfor-
mances serait totalement arbitraire, Quelle augmentation de poussée & Mach 2 faut-il pour compenser une augmentation

de 1% de Cs  Mach 0,9 ? Tuute réponse contient une bonne part d'arbitraire et la fonction “efficacité globale” d'un avien
de combat reste encore & trouver. La recherche d'un meilisur colt-efficacité est un état d'esprit plus qu'un probléme mathéma-
tiqu , surtout pour des avions militaires pour lasquals le probldme de lo rentabilité sconomiqus ne ie pose pas.

C'est pour cela nous semble-t-1l que {'optimisation formelle d’un moteur (ou d'un avion) en fonction de sa
mission au sens classique est un probl2me blen difficile & poser. Toute tentntive de faire apporaftre ies concepts "mission" ,
Youtil" "critdre”, “poramadtres” et "contraintes” est un échac dds lors qu'il ne s'agit pas d'un cas tras spécialisé. Est-ce & dire
que des solutions raisonnables n'existent pas ? En fait il y o longtemps que des solutiens approximaltives assez satisfaisantes ont
616 trouvées (tableau extrait de AGARD-L,S,72) :

Moteurs odaptés & divers types d'avions

chpor't do Yy . Dilution - YET. - Rendement du Cempression
pression ¢ chambre . ¢ compresseur scuffionte

. . . pas trés -
Sustentation faible fort nulle maxi ; am
Intercepteur courts . . pos trés
portée grand Mach faible fort nulle maxi ; tant
Chasseur courte moyen fort nulle maxi non dominant -
portée
Chasseur grande for? moyen <\ maxi non dominant  forte
portée
Bombardier fort fort ~ maxi non dominant  forte
supersonique
Bombordier .
subsonique fort moyen moyenne limitée important moyenne
Appui tactique fort moyen moyenne limitée important moyenne
Surveillance fort faible focte limitée important faible
Tronsport longue fort foible forte fimitée exirémement  faible
distonce important |

AVION DE SUPERIORITE _AERIENNE
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LA MISSION AU SENS LARGE

Nous avons vu que |'optimisation formelie se heurtait & des difficultés principalement porce yue la mission
effective de certains avions était trop compiexe. Néanmoins nous savons assez bien quel modéle il convient de choisir parmi
les types déjd existants et la géométrie variable ne modifierait pas fondamentalement le problame tout en fe coanliquant par
la présence de choix supplémentaires, Quest-ce qui va donc guider a décision de fixer tel parometre (par exemile T.E.T maxi)
a telle ou telle autre valeur 7 Tout d'abord des considérations sur la mission, au sens large cette fois, du moteur .

Un premier point est de savoir si |'utilisation du moteur doit &tre pensée en fonction d'un contexte de paix ou
de confiit. En temps de paix !'un des objectifs de tout systéme de défense sera de se procurer des armes d'un haut niveau techno-
logique sinon du plus haut niveau accessible, En cas de conflit il s'agira de produire un maximum d'appareils éprouvés . Le
tableau ci-apras reprend les différences caractéristiques entre ces deux situations . 1l est clair qu'a la lumiere de telles considé-
rations des choix tras différents peuvent 8tre faits suivant le point de vue adopté,

On notera en particulier que le cholx d'un avion bi-moteur plutdt que mono-moteur est fortement influencé
par |'aspect sécurité des vols pendant les périodes d'entrafnement. |l en résulte que la taille du moteur et son cycle sont déter~
minés tréds différemment, La géométrie variable apportera-t-elle une solution nouvelle en offrant des cycles et régimes d'urgence
augmentant la fiabilité d'ensemble ?

Objectif
Niveau technologique Equipement massif
Efficacité
Taux d'accidents faible Grand nombre de sortia avant indisponibilité

Nombre élevé d'années exploitables Taux de survicance élevé aprds bataille

Economie d'emploi Performances de pointe

Conditions d'emploi

Entretien régulier Environnement hostile
Apprentissage Service intensif
Entrainement Logistique allégée
Service programmé Conduite brutale
Bruit-pollution & éviter comme Nuisances non considérées
nuisibles

Conditions de production

Production étalée Proauction accélérée
Modifications possibles Approvisionnement difficile ou impossible
Produits spéeciaux disponibles
Emploi effectif (exemple)
Photographier Détruire

Un point important est aussi de savoir si le budget alloué & la mise au point et & la mise en oeuvre de l'avion
(et du moteur) sera effectivement suffisant. Le colt des systumes de défense étant généralement considéré parbecucoup de person-
nes plus ou moins influentes comme toujours trop élevé, on peut dire que la mission d'un nouveau systeéme comporte ur.e certaine
réduction des colts . Au niveau de I'achat et de l'entretien on oeut se demander si la géométrie variagble permettrait de ne
réaliser qu'un seul moteur pour plusieurs types d'avions ce qui aurait des conséquences industrielles peut-étre favorables grace
& des séries allongdes et des pices de rechange plus standardisées. On objectera cependant qu'il s'agirait vraisemblablement
d'un appareil plus compliqué, moins facilement modulaire, d'une mise au point plus délicate et par conséquent peut tre plus
cher.

Ay niveau global on cherchera & se procurer un matériel capable d'une vie prolongée . 11 est possible que la
géométrie variable ait la capacité d'assurer, au moins en partie, une compensation de la dégradation due & l'usure, e’ srolonge
la vie utile des moteurs, On peut surtout imaginer que la gdométrie variable offre deux modes de travail, grice & une program-
mation de la régulation : un mode "routine" permettrait des performances honnétes tout en garantissant une faible consommation
du potentiel, un mode "opérationnel” permettrait des performances supérieures en cas de nécassité,

Enfin, pour des raisans industrielles ou politiques, il peut &tre intéressart d'exporter le plus possible de matériel
Le modale retenu pour un projet doit donc présenter le maximum d'ottrait pour divers utilisateurs étrangers.Si la géométrie vario-
ble offre peut étre I'occasion de répondre mieux, avec un méme moteur, aux différentes missions auxquelles le. acheteurs éven-
tuels porteront plus d'intérét, et de mieux s'adapter aux climats parfois trés particuliers correspondants, il convient de penser
aux problémes que peut poser le niveau technologique pour la maintenance ou moins,




LES CONDITIONS DE L'OPTIMUM

Les chapitres précédents ont montré |'impossibilité de formuler mathématiquement le probléme de 1'optimisation
ot que le choix optimal devra &tre arrété sur la base d'un compromis. Quelles sont fes conditions & réunir pour que ce compro-
mis aboutisse & un résultat honorable sinon brillant ?

Les niveaux de réalisation de ces conditions nous paraissent étre les véritables paramatres de 1'optimisation.

Au premier chef il s'agiro d'assigner & |'avion une mission correctement définie méme si elle est imprécise.
Autrement dit, il faut que les spécifications du systeme d'arme ne présentent pas d'exigences maladroites. Par exemple il serait
vain de spécifier le décollage court sur terrain non aménogé d'un avion par ailleurs trés colteux et vulnérable car on ne le
risquera pas dans de telles conditions. Invarsement il ne fout pas oublier d'incorporer dans les spacifications tout ce qui se
montrera utile pendant la vie opérationnelle, Une certaine dose d'imagination est sirement nécessaire puur penser & |'avance
& tout ce qu'on pourra demander & un méme avion, D'autent plus que la mise en service elle-méme est une étape encore loin-
taine au moment de décider le lancement du projet.

Cette projection dans le temps est le propre des études prospectives . C'est sur leur qualité et leur exactitude
que repose la définition des missions ou plus simplement de la fagon dont on se servira de |'avion (et de son moteur) quelques
10 ans plus tard, Sur un tel intervalle de temps la politique peut éveluer largement et les pilotes peuvent inventer de nouvelles
manceuvres. On voit que la prospective doit pionger ses racines trés loin, & tous les niveaux de responsabilité et ne pas se
contenter d'un formalisme théorique,

D'une fagon plus directe, on pourra dire que e moteur optimal est celuiqui satisfait son utilisateur. Pour autant
que celui~ci ne se montrera pas déraisonnable, il sera trés souvent possible de le satisfaire effectivement, & la condition
essentielle de savoir exactement ce qu'il désire, Une information réciproque sur les exigences et les possibilités doit s'établir,
c'est & dire un dialogue, coopératif, entre des interlocuteurs "valables", Or les probl2mes de communication des idées ne sont
pas toujours faciles & résoudre ; les mémes mots n'ont pas partout le méme sens. Des efforts particuliers doivent &tre faits pour
s'assurer que toute |'information est parvenue, intacte, & tous les endroits nécessaires et qu'elle est convenablement exploitée.

La réussite dans ce domaine repose en partie sur une organisation systématique des services concernés (d'Etat ou
Industriels) avec des sections et des responsables chargés de veiller & 1'élaboration, & la transmission et & |'exploitation de
{'information. Une méthode précieuse est celle des réunions largement cuvertes. A ce titre il est frappant de voir le nombre
de réunions organisées par les Sociétés savantes américaines, qui provoquent un flot de communications gréce auxquelles on
peut prendre connaissance des travaux effectués dans tout fe pays. La publication d'index signalétiques trés complets y aide
encore.

C'est ainsi qu'il est trés facile d’'avoir les noms de plusieurs personnes qui travaillent sur un sujet auguel on
s'intéresse et de les consulter, Il ne nous semble pas qu'une telle facilité se retrouve ailleurs, Les réunions de tout type organi-
sées par I'AGARD entrent dans le cadre d'un tel effort et on ne peut qu'espérer pour elles une audience toujours plus large.

Un autre facteur est celui des motivations qui animent tous les échelons concernés. On peut penser par exemple
que dans un contexte de concurrence et d'émulation de meilleurs efforts seront faits pour tendre vers une réussite commerciale
ou nationale . Faut-il roppeler ici les progrés trés rapides de la technologie en temps de guerre?

La conception, la mise au point, la production d'un moteur représentent une grosse affatre industrielle qui
reléve donc des méthodes modernes de gestion. Celles-ci comprennent une fois dr plus une organisation adaptée avec en
particulier des maftres-d'ceuvres munis de moyens d'action puissants et efficaces. U'est toute la structure des services concernés
qui est en couse. Au minimum on exigera la continuité de |'action et la définition des responsobilités.

La pierre d'achoppement des grands projets est le dépassement des prévisions financidres . L'une des conditions
pour que |'optimum recherché puisse étre atteint est donc que les prévisions initiales soient réalistes sinon exactes. Pour les
établir comme pour les respecter il sera bon de faire appel aux méthodes plus ou moins connues et appliquées telles que "design-
to-cost" , " life-cycle-cost" , "approche-systéme", "“analyse de la valeur" , etc....

L'organisation et les méthodes qualifient la qualité de |'effort, mais son intensité est qussi un paramatre important
Cette intensité est évidemment dépendante de la puissance industrielle mise & contribution. Il est clair que si un Etat est copa-
ble de mettre au point simultonément ou presque plusieurs modles d'avions différents, chacun d'eux pourra étre spécialisé et
donc, comme nous |'avons vu, bien optimisé . C'est la raison pour laquelle des projets sont cbordés en coopération internatio-
nale. Les assises industeielles sont alors plus larges et plus puissantes, mais il en résulte bien souvent qu'on veut donner au
produit un caractire plus polyvalent pour satisfaire le nombre accru de parties prenantes et cela a pour effet de s'écarter plus
ou moins nettement de |'optimum,

I| fout prendre garde que 1'intensité da 1'effort accompli s'apprécie sur plusieurs olans :
- par le niveou du financement octroyé,
- par le nombre et 1a qualité des cerveoux employds,
- par les délais accordés pour |'achévement,
On ne saurait trop insister sur la qualité du travail humain . 1l ne s'agit pas seulement des teouvailles plus ou
moins ponctuelles grace ouxquelles il seralt possible de produire avec peu de moyens, en peu de temps et pour un faible codt un

moteur merveilleux. Celo ne méne pos trds loin. |l s'agit plutdt d'une formation de base et d'une politique d'emplol qui condui-
sent au travail méthodique ot appliqué des personnels compétents . Ceci est évidemment un probléme plus général.
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De méme que la qualité por la formotion est une offaire permanente et de longue haleine, le niveoy
technologique disponible résulte de la politique menée sur plusieurs décennles. Or il est indispensable de mettre & la
disposition des concepteurs les meilleures solutions techniques et technologiques . C'est & dire qu'on ne saurait pas réaliser
un moteur optimisé, méme si on peut le concevoir, si pendant de nombreuses années des efforts de recherches ot de développe-
ment exploratoire n'ont pas 616 menés systématiquement, méme sans bien savoir & quelle mission particuliere ils pourraient étre
utiles. Un effort parallele d'équipement est nécessaire, pour ossurer une mise au point rapide des prototypes; nous punsons en
particuller aux moyens d'essals , qu'tl s'agisse d'investigations au niveau des matériaux ou des grandes souffleries capables de
traiter un ensemble propulsif complet.

Deux exemples particuliers, parmi des sujets récemment discutés dans les Panels de I'AGARD, illustrent la
nécessité absolue d'un effort de recherches et d'4tudes, souvent arides et parfois difficiles & faire apprécier.

a) [l est clair que le moteur satisfaisant devra présenter un rendement élevé, ou du moins conforme oux prévi-
sions si le niveau a 616 délibérément choisi en fonction d'autres critdres. L'une des conditions est que les calculs d'écoulement
internes dans les turbomachines que le constructeur est copable de faire pour dessiner les aubages soient exacts ; moyennant
quoi il lui sera possible d'affiner sa conception et la réalité sera & la hauteur de ses espoirs. Mais le chemin est long, des
équations de la mécanique & un programme opérationnel

b) Faisant appel aussi & des considérations parfois trds théoriques et scientifiques, muis encore plus dépendonte
de considérations pratiques est la technique (pre:qu'un art) de |'intégration d'un moteur & un avion . Or il s'agit 1& d'un élé-
ment essentiel de la réussite d'un projet . " An e-«ceptional aircraft requires a superior engine with superior integration into o
superior airframe - A poor engine in a good airfiame yields on inferior aircroft - A good engine in o poor airframe yields a poor
aircraft - A good engin improperly installed in a good airframe yields an inferior aircroft (A E. Fuhs ref 3).

CONCLUSION

Le tour d'horizon que nous avons fait est encore bien incomplet . De nombreux types d'avions militaires (ADAV,
avions emborqués ... ) resteraient & examiner en détail. Nénamoins, les conclusions quant & V'optimisation des moteurs restent
les mémes.

Dans la plupart des cas une optimisation formelle n'est pas possible et un compromis est déterminé par les facteurs
suivants :

- vision ciaire de la situation présente et future et des objectifs poursuivis,

- moyens disponibles permettant ou non la réalisation de plusieurs modales différents,
- niveau technologique accessible résultant des recherches et études,

- organisation capable de tirer le meilleur porti de 1'état de fait.

Quant a la géométrie voriable c'est d'abord une élévation au niveou technique qu'il conviendrait de maftriser
avant de prétendre 'exploiter. Le diagramme de la figure 10 résume les considérations développées

- des moteurs spécialisés atteignent un hout niveau de rendement,

-~ un moteur “tous usages” classique reste & un niveau plus modeste (ce qui n'empéche d'ailleurs pas de faire de
trés bons avions ),

- un moteur doté d'une "petite” géométrie variable (niveou 1 et 2; permettrait de foire mieux et sans doute
assez facilement ,

- un moteur doté de lg “grande” géométrie variable (niveau 3) devrait permetire un rendement moyen et fingle-
ment avontageux dons plusieurs cas d'utilisation trés différents, mals il s'ogit d'une perspective lointaine.
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Revenant au rapprochement avec les éleveurs que nous avons osé au début, on pourralt dire approximativement
que si la technique actuelle nous permet de faire des moteurs qui ne sont pas des "veaux®, un certain niveau de géométrie

variable permetirait de faire des “pur-sangs”, mais que nous r.e sommes pas prds de savoir produire des "moutons & cinq pattes”.,

En conclusion finale, nous recommanderons que s'instaurent, 12 ob ils n'existent pos encore, des travoux
offectifs théoriques et expérimentaux sur :

- 'évaluation, au sens des fonctivns d'optimisation, des caractéristiques de performances, d'emploi et
économiques des systdmes d'armes ,

- la conception et la mise au point de composants de moteurs & géométrie voriable.
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DISCUSSION

N.F.Rekos
(1) You mentioned reconnaissance and long range subsonic patrols (ASW) as mission requirements using turbofan
engines. Have you given much thought to high speed turboprop engines for the missions?

(2) You mentioned the need for modern test facilities. What are you doing ab--ut obtaining the types of facilities
needed to test the variable geometry engines discussed at this meeting (SST, VTOL, Prop Fan).

Author’s Reply

Les avions de surveillance maritime sont un cas ol le probléme d’optimisation est soluble car il s’agit de maximiser le
. e taux de présence ou la durée d’observation d'un point déterminé, si vous voulez, et les contraintes sont d’emporter le
3 matériel nécessaire d 'observation, et d partir de ce moment-13, on peut, en prenant de. modéles de moteurs et

3 d'avions existants calculer trés facilement le taux de présence pour un budget global donné,

Il ¥ 1 toujours une solution si on veut faire un avion qui ait une trés grande autonomie, il y 3 toujours une solution
avee n'importe quel moteur; mais le cott de Pavion peut devenir énorme parce que I'avion est trés gros. Je crois

¢ que ¢'est un cas od la czractéristique dominanve ¢’est 'économic de foncironnement, ou trés faibie consommation
E spécifique, .t ¢’est tellemert dominant que I'on peut optimiser sur ce paramétre-li. Je n'entre évidemment pas dans
les considé cations technique: sur la méthode exacte pour obtenir une trds faible consommation. Je ne dis pas qu'il
faut faire une turbine variable, ou prendre une hélice. Je dis qu'il faut prendre le moteur qui donne la plus faible
consom mation spécifique et Ln nombre d'avions suffisunt dans le cadre du budget alloué.

En ce qui concerne les moyens d'essais je pense qu'il y a une chose Jui a déji été dite ce matin, c’est Pintégration
S totale du probléme du moteur i'vec celui de Pavion — et il faut absolument étre en mesure de faire des essais in-
T corporant les systémes propulsit s complets. L'entrée d’air, le moteur, la tuyére, et peut-étre dans certains cas, un
morceau d'aile ou un morceau de fuselage suivant intégration du moteur et de la cellule. Alors ceci conduit 3 de
: : trés grandes installations d’essais. 'l 'y a aussi certainement besoin de certains types d’installations d’essais qui
correspondent micux aux turbines 4 ySométrie variable, ou aux compresseurs av:c des rotors a calage variable.

4 M.Boud.gues

o Vous avez mentionné les dépassements budgétaires ou le manque de prévisions financiéres, ce qui laisserait penser

S I que les constructeurs, ¢ particulier frangais, ne suvent pas faire ces prévisions. Je vous signale que nous c¢n avons
|

toujours faites ct respe stées.

D’autre part, je regrette que vous n’ayez pas parlé de la difficulté qu'il y a pour le motoriste 3 obtenir 3 la fois un
rendement thermique ¢t un rendement propulsif satisfaisants.

' Author’s Reply

: Je dois dire que, ce n'est pas parce que je m'exprime ¢n franyais que j'ai pris tous mes exemples parmi les seuls con-
1 structeurs frangais. Au contraire, il me semble assez facile de trouver des cas parmi nos amis étrangers ot les

; ,‘ f prévision n'ont pas toujours peut-étre été bien respectées. C'est ce que j'appelie s'écarter de 'optimum, parce que
: s Poptimum c'est de rester dans ses propres prévisions. Je ne pense pas que mon exposé ait cu 'intention de se baser

uniquement sur les expériences frangaises que je suis censé migux connaltre que les autres, ce qui n'est pas prouvé.

. ‘} Deuxieme point en ce qui conceme le sendement je crois que dans le papier précédent il y avait justement une figure
_: ol 'on voyait qu'a régime réduit le rendement propulsif croit et lo rendement thermique décroit <t il en résulte une
) - décroissance de performance globale. Donc ¢'est exactement le probléme que vous venez de soulever et nous avons
A essayd de penser d ¢a en disant il y a fe premier niveau de géométrie variable qui s'addresse justement au rendement
. done 3 V'aspect thermique et le deuxiéme niveau qui s'adresse 4 P'aspect adaptation au régime de vol, dong 3 l'aspect
L propulsif. Clest une meilleure expression pout~itre de ce que nous avons voulu dire.
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ADVANCED ENGINE DESIGN CONCEPTS AND THEIR INFLUENCE
ON THE PERFORMANCE OF MULTI-ROLE COMBAT AIRCRAFT®

H. Gri.b. E. Ackerazann

MOTOREN- UND TURBINEN-UNION MUNCHEN GMBR
8 Minchen 50, Postfach 500640

" Summary: :

The effectiveness of a multi-role weapon system places new demands not only on the aircraft
but also on the powerplant. When these demands are contrasted with the typical performance
characteristics of current engines, it is logical to ask for a variable cycle engine,

In this context, therefore, such an engine concept is being considered which combines
she advantages of the reheated turhojet, i.e.

- favourable ratio of dry thrust to thrust with reheat
. - favourable fuel consumption with reheat
[ - excellent handling characteristics

3 19‘: with the important advantage of the reheated turbofan .
; SN ¢

23 - favourable dry fuel consumption. 3
y . R It is shown to what extent this .im can be achieved by a suitable design, including 1
" I variable geometry in several components. The performance data of this engine are com- B

- pared with the data of current enginea. The penalty in engine weight and complexity
x compared with current engines as well as the development probleas expected are discussed,

e The results indicate that the performance of multi-role combat aircraft could be im-
i proved by the installation of engines of the described concept provided the unavoidable
o weight penalty of such an engine remains within acceptadble linits.

Introduction

Development work on advanced reheated engines for combat aircraft has not only led to
enormous technical progress in the last two decades but also to conaiderable specialisation.
Even if such engines have comparable thrust/weight ratios, turbine entry temperatures and
overall pressure ratios, this specialisation is characterized by the wide range of bypass
ratios, which now stretches from 0,25 to about 2.0. The specialiantion results from the
matching of the engine to various aircraft and missions,for which engine performance data
and operating characterigtics with due regard to installation effects serve as the criteria.

The soaring development and production costs involved in future weapon systems entail a 4
trend to a diminighing number of available units. It also becomes more compelling to manage f
with as few complementary aircraft types as possidle, employing them flexibly with high '
effectiveness. When modern combat aircraft are used on flexible missions, their effectiveness
has to be compared with that of aircraft designed aspecially for specific missions. This com-
parison has to be made both airframe-wise and engine-wise. Engine-wise, it seems logical in
this context to aim at combining the advantages of engines with low and high bypass ratioa.
This raises at once the question of engines vith a variable thermodynazic cycle, i.e., variabdle
geozetry of the components.

|

r N

Even i{f, in future, aircraft tailored for special missions are given preference the require-

N ment for engines with greater flexibility than at preseut remains relevant. This is underatandadle, 5
: as psubstantial demands have to be made on the flexidility of engines for combat aircraft, which A
r operate in the subsonic to the supersonic range without and/or with reheat.
2
. ? An experimental programme (1, 2 )' bdeing carried out on behalf of the U.S. Air Force is partly
Y focused on the increase in engine flezibility, as indicated above, through the introduction
& of variadle-geometry componenta.
% “ It should also be mentioned that consideradle efiorts are being cade in the U.8.A., with respect
. to future superscnic commescial aircraft as well, in order to comply with requirenents on the
; Y powerplant regarding economy in the supergonic and guds«onic range and low ecological impact.
-3 5, within the frasevork of the programze [V, &, 5 ) beinsg carried out by NASA together with the U.S.
fC. 7, aircraft industry for this purpose, engite concepts with partly nrovel flow paths azd layouts of
g - the coaponents, iater alia, are being iavestigated (6, 7, 8. 9, 10). 4
¢ :
i R TTRe Luvestigation wea spoansored by the Ministry of Defeace of tie Federsl Repudlic of ;
) 5‘ Germany, ZTL No. NTY 1.15-1 and MIU &,13-1
¥ * Numbers in square brackets refer to refereacea at the end of te text
¢’
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Against this background, an investigation was made, within the framework of the present
atudy, of the extent to which the called-for flexibility in performance and operating
characteristics of engines for zmodern combat aircraft can be implemented in a single
engine concept. From the point of view of performance, an endeavour vas sade to comdine
the advantages of the reheated turbojet

= good specific fuel consumption with reheat
- high dry thrust relative to thrust with reheat

with the important advantage of the reheated turbofan
- good dry specific fuel consumption.

Furthermore, an effort was made to izplement the well known advantage of the reheated
turbojet compared with the reheated turbofan

= superior operating stability and handling qualities in connection with the
afterburner,

Attention was also paid tc

- favourable mass flow characteristic with regard to the intake
- - good compatibility with inlet distortions
- - optimum flow conditions around the aircraft afterbody to reduce afterbody drag.

Lastly, the aiz was to meet the requirements while keeping the engine to

- acceptable weight and
- manageable complexity, especially of the coatrol systea.

sty

Variable cycle engine concepta

- The engine concepts initially conszidered are shown schematically in Fig. (:) « In each ﬁ
i case - as an arbitrary example - the turbomachines are sketched as a three-shaft E
arrangement, With this, however, the shaft arrangement to be chosen later on for a
#s;2~ific case ia not anticipated. :

Concept I ia a mixed flow turbofan in line with the current engine generatioa, the
characteriatics of which,as & functicn of the bypass ratio, are known. Owing to the

4 aixing of the two flows, there is,deranding on the flight condition, a specific
relation betwean mass flow and thrust which can be influenced only slightly by

t changing the setting ¢f the nozzle. The compressor stadility can be increased by

l opening the bleed off-take downatream of the IP-compressor, which may be deairadble in
i

Ki

critical flight conditiona.

This concept was used as a point of departure and basis of comparison for the other
concepts to be discussed.

Concept II differs from I orly in the variadle LP-turbine., This allows the bypass ratio

to be varied to a limitsl exvont and consequontly a degree of flexidility in the dry

and reheated performance to be obtained [11] . Apart from the increage in the stability
of the IP-compressor possible through the bleed off-take as in concept I, in this case

' the stability of the IP-compressor can he further improved by changing the setting of

l the LP-turbine. Referenc: is made also to this point in (12) . The three-shaft arrange-

1 ment has an advantage over the two-ahaft arrangement in this cas?r, in that the speed

of the HP-system is virtually unaffected when the setting of the LP-turbine is changed )
(Ce. [ 11, 12, 13 ). :

Due to the variation of the bypass ratio, problems could arise, on the one hand, vith the
Y flov between fan exit and Ir-compressor eatry., It remains an open queation whether, on the
other hand, a variable aplitter is sufficiently justified, in view of the lirited raage

ia wvhich the bypass ratio can be varied.

Concept III allows, by the use of separate nozzles for the primary and duct flows, a
considerable variation of the bypass ratio when the aettings of the IP- and LP-turbines
] and of the primary and duct rozzles are changed. it the same time, much more freedoz ig
I obtained in arranging a desirable relation between thrust and engine maps flow than in
the case of concept II. With a view to the stability of the fan and the IP-compreseor ¥
. behind it, the wide range in variation of the bypase ratio makea & eplitter with variable E
- geometyy seem indispensable, at least for the time bdeing.

kS The separation of the primary and dust flowe with no previgioa fer duct burniug eliminates, g
on the cae hand, the probviem of fan/sfterburmer interaction. This problem {a increasimely

evideat ia mixed flow turbofans with higher Lypass ratio. On the other hand, it requires

special routing of the afrerburaer cooling air. This portion of the mase flow, which is »

congiderable percentage in modern enginea, is taken off substaatially throttled, i.e., ia

such a maaner that any iamediate afterburner reaction oa the compressor cestion ip definmitely

prevented. Without reheat, the cooling air off-take is ehut doun., This requires an apprepriate

change in the gettings of the IP- and LP-turbizes arnd of tho prisary and duct zossles. What

ia {mportant {s that the EP-gyotesa, in particular the EP-turbine, can be designed with fixed

gecnetry.
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When there are inlet distortions, the duct nozzle can be opened to increase the atabdility ;
of the fan without having unfavourable repercussions on the turbomachines, as would be the
case with concepts I and II.

As the primary nozzle is enveloped by tire duct flow, the afterbody flow separation which
is virtually inevitable in dry operation in the case of engines based on concepts I and
II can be avoided.

Concept IV makes it possible, through simultaneous changing of the settings of the turbines

;- and of the nozzle, to change the thrust by varying the turbine entry temperature, while

B - maintaining high engine mass flow and high overall pressure ratio. As & result, at dry

; X partload ,specific fuel consumptions can be obtained which come close to those of turbofans.
e In this case, too, the afterburner cooling air must be taken off and throttled as in concept
- III. This coacept is extremely advantageocus for matching the engine mass flow to the intake
3 capacity.

2 The configuration of the aircraft afterbody is just the same as for concepts I and II. At
: - dry partload, however, the noz22le area ia larger than for the turbofan, which reduces the
: . tendency to afterbody flew separation at subdsonic cruise flight,
This concept is familiar in principle from publications [ 14, 15].

4 Selection of engines considered

To enable a fair assessment of various engine concepts which are in existence or conceivable
for the future, it is intended, within the framework of this study, to compare thm on the
basis of the currently available status of compenent technology. Logically, therefore, the

' per se attractive concept IV was not included, as the variable HP-turbine presupposes a very
advanced standard of turbine technology, which surely muat be considered as unavailable for
some time to come. Though concept II promises an increase in performance flexibility, it

. was also not included in the preasent study, because it offers nc decisive progress in

> operating atability and handling qualities.

.-

—a

7 3 Thug, the study was restricted to a comparison of concept I, representing the current engine
T3 generation, with the concept III variable cycle engine®. Two versiona with bypass ratios of
0.25 and 1.3 (current engines C 0,25 and C 1.3) were considered in the process for concept I.
. The bypass ratig 0.25 corresponds to the minimum duct flow required for afterburner and nozzle
) cooling. Fige (2) gives the main design parameters of the ongines compared. Consistent
assumptiona were made about the component efficiencies and preassure losses, etc., taking iato
v consideration the variable geometry of the turbines.

In the case of the conventional engines, as they are mixed flow engines, the fan pressure
ratio is fixed by selection of turbine entry temperature, overall presaure ratio and
bypass retio. For the C 0.25 engine, which has a high fan pressure ratio and subsequently
a moderate core pressure ratio, a two-ghaft arrangement was chosen. For the C 1.3 engise
with its lower fan pressure ratio, a three-shaft arrangesuent was selected.

P, S
e ——— s -

. In the case of the VCE, which is an unmixed flow engine, there is a degree of freedonm

o about the fan pressure ratio. Variation of the fan pressure ratio in the range FPR = 1.8 =
: 3.6 showed that a relatively low pressure ratio FPR = 1,95, which can be managed witn a
two stage fan, gives favourable performance both in dry (especially dry partload) and
reheated operation. The substantial throttling of the afterburner cooling air, introduced
to aveid fan/afterburner interaction, leada to a lossg in thrust of adout 1.5 ¥ in operation
with reheat. In dry operation, dropping the mixing of the primary and duct flows worsens

2 the gpecific thrust and specific fuel consumption in the same order of magnitude. In view
R . of the low fan pressure ratio, a three-shaft arrangement was preferred. A% the same time,
this arrangement leads to an afterburner cooling air off-take at suitaie pressure level
situated between IP~ and HP-compressor.

A e s

) Fig. (:) ghous the genersl arvangements of the VCE and the C 1,3 engine of equivalent
K. thruast at design point. Whereas the C 1.3 engine regquires only & control variables, the
; VCE has B control variablea, The VCL is conaideradly heavier than the C 1.3 engine. The
excess engine weight of the VCE ia partly the regult of the concept, i.e., a certain
inevitable extra weight derives from the additional outer engine casing, the variable
eplitter with its actuation eystem, the actuation syatea for the variable IP- and LP-
turbines, the heavier norale oystem and the aybatantially more complicated control systesm.
S A further cause for the excess weight of the VCB ias given by the chosen cycle. As can be

seen from Fig, « the epecific thrust with reheat of the VJE at the selected bypass retio
' of 0.)4 is lower than ia the case of the ¢ 0.29 and ¢ 1.) engines, decausme reheat ig
- reatricted to the priszary flow. A higher specific thrumt comparable with the apecific tirusts
2 of the C 0.25 and C 1.3 engines can be obtained froa the VCE, if the bypass ratio with rehlaet
hp ig brought dowa near to zero. In this way, leading dimengions and weights of the turbo-
eachinery and the afterburner comparable with thoge of the C 0.35 engine are obtained for
the VCE. From other coceiderations it can De expected that, due to the flexidility of the
VCE concaept, the worseaing of the cruilse smecific fuel coasusptioca originally feared, will
be oaly slight ia the case of this madified desiga.

1 In spite of this posaidility of izmprovezent, the VCE was compared with the C_0.35 and C 1.3
£ engices in tho pregeat atudy oan the bagia of the ¢esiga paraseters ia Fig. .

*Later called VCE for the eake of simplicity
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Operating characteristics and performance

The same maximum turbine entry temperature and reheat temperature schedules were taken
for all eigines, as a function of flight altitude and Mach number, in line with the
state of the art currently feasible with regard to cooling and stressing. For the same
reasona, in spite of the given flexibility, the fan apeed and the overall pressure ratio
characteristics of the VCE were limited to those figures which automatically result fros
the turbine entry temperature schedule in the case of the C 0.25 and C 1.3 engines,

On this basis, for maximum dry and reheat thrust the other available control variables
. of the VCE (mass flow capacities of the IP- and LP-turbines and of the primary and duct
nozzles) were set so that all three compressors are working under all flight conditiona
3 on their optimum running lines, At dry partload, in the case of the VCE, the cycle para-
5o meters turbine entry temperature, overall pressurs ratio, fan pressure ratio aud dypass
. ratio were fixed by means of appropriate setting of the control variables just mentioned,
é; 8o that with optimum working lines in the three compreasors minimum specific fuel con-
e suaptions are obtained.

Cycle and component data

Fig. shows, for dry partload, turbine entry temperature and overall pressure ratio

ey as a function f thrust, the behaviour of the compared engines being practically the

; : same, Fig. €b shows the associated characteristics for engine mass flow, bypass ratio

p:. and nozzle préssure related to engine entry pressure. The relatively high engine mass

_» flow maintained by the VCE at partload, i.e., particulaz‘y under cruise conditions, is

. favourable with respect to engine/intake matching. The vypass-ratio plot shows that the

R VCE comes closer to the C 0,25 engine in the range of high thrust but is more like the
: C 1.3 engine at low thrust. This is roughly what was expected. The pressure in the duct

. nozzle reflects the fan pressure ratio and thus the fan mass flow characteristic, as the

N fan operates on & specified working line. However, there is a relatively big pressure

! drop in the primary nozzls as thrust decreases, as the fan draws off zore and

more specific work from the primary flow due to the increasing dypass ratio.

E; Owing to the high pressure level in the afterburner at maximum thrust, a similarly
e, favourable afterburner blow-out ceiling can be reckoned with for the VCE as in the case
of the C 0,25 engine.

f <y The optimisation of the cycle parameters shown at dry partload vas done first for the
A b, uninstalled engine for a variety of reasons. The selected control characteriatic for

The LP-turbine is anticipated to have a big influence on the optiaum engine mass

flow characteristic. When the ingtalled engine bdehaviour is optimized, the shifting of

the contral characteristic of the LP~turbine makes it possible to obdtain an engine mass
flow characteristic which corresponds to an optimum engine/intake matching in terms »f

ninimun installed specific fuel consuaption.

thrust are shown in Fig. as a function of the flight altitude and flight Mazh number.
g The required capacitieu of Both turdines for the important cruise condition SL/MN = 0.6
8 are also shown on this figure., The mass flow capacity characteristics for max. dry and

, 8 max. reheat thrust can bde reduced dasically to a pure function of the ratio of turdine
entry temperature to engine entry temperature., However, the changing of the eettings of
the turdbines for dry partload is more complicated. Initially the turbine flow capacities
tend to increase with decreasing thruat, reaching a maximum and then falling below the
original level when thrust ias decreased still further. Admittedly, the settings of both
turbines can pregumadly be changed affinely, In the case of the LP-turbine, the required
range of mase flow capacity is considerable.

The mass flow capacities ?fgthc IP- and lP-turbines required at max. dry sad zmax. reheat

In Fig. (:) the required ranges of mass flow capacity for IP- and LP-turdines under
various running conditions are contraated with the changes in the nozile guide vane
throat areaa required and the efficiency characteristic to h: expected according to

E available experimental data (Cf. [ 13, 16, 17) ). Tangidle loszes in efficiency are
S inevitable in the caze of the LP-turdbine at max. reheat thruat, if good LP-turhine
A efficiency ias aimed at for dry partload operation to obtain favouradle cruise apecific
;T fuel consumption, It remains to de mentioned that, owing to the required wide getting
b & range of the LP-turbine, the change in the flow direction re%attvo to the axial di-
o rection at the LP-turbine exit will be ia the region of » 107,
- Analogounsly to the mass flow capacities of the turbires, Fig. (;) shovs the ranges
. of primary and duct npozzle throat areas. The areae of both nozzles muast be variable

5 . 3 roughly ia & 11} ratio. Similarly to the came of the turbinea, the changing of the
k.. = settings of the nozzles for max. dry and max. redeat for all flight conditions and

2 . . i engine ruaning conditione can be mamaged as a pure function of the ratio of turbine
g -k ertey temperature to engine eatry temperatare., Also at dry partload the situatica ig
similar to that for the turbinea, i.e., as thruet dropa the aczzle areaa firet iz-
crease and then decrcace ae thrust drope etill further. The analyaias of thege nocile

; < control characteriotica ahowa that the relstion between the areas of the tuo nozsles
;]' . é can be repregented, with good approximation, by a uanique fumctioa.
i 3
1 & The setting of the splitter betueen fan and IP-compressor - gee Fig. (:2 = depends
¢ on whatever bypaas ratio io odtained frea the other control variables. ae the
i oeplitter mose in in the imaereost position at diy partload due to the high bypase
¥
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ratio, a diffusor is ostablished in this case between the fan and the IP-compresscr. The
area ratio of the diffusor seems acceptabdble, especially as the IP-compressor counters
tendencies to flow separation at the hub.

On the basis of the control characteristicas for the turbines and nozzles shown in Fig. (;)
to (f) + the working points obtained upder all engine running and flight conditions for the
thre® compressors, as shown in Fig. (is , are in the region of optimum efficiencies and
desirable surge margina. It should be noted that the three coazpressors do not reach their
asrodynanic design speeds at the saze tice,

= At SLS reheat operation, the fan and IP-compressor reach their design speeds together,
while the HP-compressor is running at reduced speed. This is necessary in order to
zatch the mass flowa to be swallowed by the IP- and HP-compressor with the bleed off-
take for the afterburner cooling open and at the same tize to keep the overall pressure
ratio within acceptadle limits.

- At max. dry operation, the speed of the IP-compressor is lower and that of the HP-coopressor
high, in order to zatch the mass fiows to be swallowed by the two cuapressors with the
afterdburner cooling air shut down.

8 - At this point, it is emphasized that specifically in the case of the VCE, i.e., going beyond
E . the possibilities of the C 0.25 and/or C 1.3 engines, the following control zessures to iamprove
4 : the compatidility of the compressor section with inlet distortions are possibdle:

’i ! - The working line of the fan can be shifted away from the surge line without unfavouradle
' repercussions on tho turbomachines by opening the duct nozzle;

.-

- the working line of the IP-compressor can be shifted away from the surge line by closing
the LP-turbine.

o
R

In addicign. it can be expected that good acceleration times can be odtained froa the VCE
(ct. (181).

if Performance data

3 3 Fig. shows the max. reheat thrusts and the associated specific fuel consumptions.

g Both the VCE and the C 0.25 engine have a flatter thruet characteristic with

reheat than the C 1.3 engine, due to thei~ low dypass ratio. In addition, at high

.S Machk nuzbers the VCE turned out to have a progressively falling-off thrtst characteristic,
2 vhich does not appear attractive. In principle, this disadvantage could bde largely eliminated
by duct durning with a moderate temperature increase to 1000 K. Leaving aside the con-
siderable complication involved, however, the deliderately introduced phyaical aseparation
of afterdurner and compressor section would be lost. For this reason, owing to the demands
made on handling qualities of the engine, this version does not seem attractive.

The design modification of the YCE gudatantiated earlier to obtain a very low bypass ratio
ia reheat operation - which is also attractive from the point of view of engine weight and
leading dimensions - allows a quite satisfactory thrust characteristic similar to that of
the C 0.25 engine to be obtained.

As expected, the specific fuel consumptions of the VCE and of the C 0,25 engine with reheat
are such better than that of the C 1.3 engine due to their lowv bypass ratios.

Fig. @ shows the max. dry thrusts and associated specific fuel consumptions, from which
the familiar relation between performance data sad bypass ratio can be seen. is expected,
the VCE comes close to the C 0.25 engine.

|

Tuo examples of engine perforzance at dry and reheated partload are shown in Fig. C:) .
The transitioa sccomplished by the VCE from the C 0.25 engine characteristic at reheat
and max. dry operation to the C 1,3 engine characteristic at dry particad is evident.

LY S

Development problems

; In line with the assumption that available comporent tachnology should be the starting roint
B . ¢ vherever possidle, no outstanding developmeat prodleas with the VCE going beyand those of

\ . curpent engines are to be expected, as far as the bagic engine ig concerned. lHowever,

the variable noztle guide vanes of the cooled IP-turbire can certainly be conaidered the
eritical element, whereas the conditions are much detter in the case of the varizabdle

acsnle guide vanes for the LP-turdine. Furthermore, the development problems to be

expected on the control system sust not be underestimated, particularly as & coatro}
variables have t0 de mastered. A control system managing the called-for flexidility

of the engine in the presence of inlat digtortions is elso likely to require special,
efforts.

iy X A

wa

s Telge F

Inatallation influences

As ehowa in Tig. @ » the VCE will swalls- ap to 80 % of the maxiamus mase flow under
typical cruise conditioas at sea level, wheress oaly €0 - 70 % caa be achieved with
the C 0,25 ard C 1.) e¢ngines. A substantially szaller intake spillage drag ie there-
fore to be expected from the VCE under thesge conditions. The resultant iacresse in
specific fuel cosgumption due to imstallation effects is ¢ = 2 ¥ lover for the ViE
than fer the C 0.29 azd C 1.) engines (Cf. [t6, 19, 20} ).
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Regarding extrame power and bleed off-take from the HP-system, for instance, in an
emergency case with one engine failed, high power can be obtained in the HP-system
of the remaining engine by setting the configuration of the VCE - i.e., the geometry
of the variatls components - for max. dry thrust. In this way, power and bleed off-
take can be expected to have minimus «ffects on the engine performance.

body flow conditions are favouradle, as shown in Fig. +» As a result, the &
generally inevitable flow separation and corresponding intreased drag in subsonic B

Oving to the primary nozzle of the VCE being enveloped ﬁt;;ho duct flow, the after-

1 A and transgonic flight without reheat associated with afterdodies of conventional %
E: - o configuration can be avoided. However, a degree of extra friction drag is generated :
by the duct flow. Admittedly, the expected drop in the resulting afterdody drag can
ooly be verified experimentally (Cf. [19, 21, 22,) ).

Engine Evaluation

A first rough comparative evaluation of the three engines under consideration was

made on the basis of an imaginary multi-role combat aircraft for the miassions

“"Interception”, "Air Supsriority" and "Batglefivld Interdiction/Cloae Air Support',

The mission breakdowns are given in Fig. @ + For the three alternative engines

compared, the weight of engine + fuel and thus the take-off gross weight were taken
4 to de the same, each mission being a special cuse. As a basis of comparison, which
o is in principle arditrary, it wac also assumed that the mission phases marked with
o, arrows in Fig. 655 can be aciiisved by engine C 3.3 with the called-for ranges.

HCNA

4 Due to the different thrust characteristics of the three alternajive engines, their
p E required sizes are fixed by different mission phases (Cf. Fig. g:)). Thus, the

4 o savailadle reheat thrusts of these gngines at tha design point SL/MN = 0,8/ISA

: 2 difzer somevhat as shown in Fig. éi? « In order to emphasize the decisive rule of
2 the exceaz weight of the VCE, the thrust/weight ratio of this engine wvas introduced
. parametricaliy. The C 0.25 and C 1.3 engines were assuzed to be specifically equally
X heavy in line with the current state of the art.

The lower afterdody drag cxpectsd from the VCE was not taken into cansideration, i.e.,
the afterdbcdy drag was taken io be the same for all three alternative engines

4 installed. Even for the two enginez C 0.25 and C 1.3, this is certainly quite a

e simplification,

& ;% Fig. 629 shows the ranges, as defined differently for each of th» three miasions,
S achisvadle with the alternative engines. If the VCE could be duilt to have the game
‘1 speciiic veight as the conventional C 0.25 and C 1.3 engines, it would be at loaat
- ) et good as the two latter, or superior to them, depending on the .ission. However,
B f{ the aquality or superiority of the VCE iz all sissions is questioncdle, as acon as
K- a8 it has & slight extra weight of 10 %,

N Naturally, Fig. (15) covers only part of the evaluation which has to de carcied ou?.
¢ eupecially as impd¥tant sveluation criteria such as "turn rate" and "specific excessive

- A pawer" muzt also be included. Last not least, aapects relating to operating stability and
YA handlirg qualitisa should not be uuderestimated.
' Conclusions

-5 The present data are certainly still not adequate for & dinding evaluation of the VCE
. concept deacribed. Nevertheleas, for a etart the followiang provisional cunclusions can

Y % be drawn:

;,'ﬁ = The aimed-at condinaticn of the perforzmance advantages of the turdojet azd

3 3 of the turdofan with and without reheat seems fearidle.

E. o

. - The improvement concerning operating stability and handling zualities in 'i

?' connection with the afterdurner compared with curreat releated turbofans vas §
~ only establiched qualitatively but is potentially feasible. %
[ ¥
2 = 42 g aide effect, progress in cozpatibility with inlet distortions can Be expected 5
% compared with current engines. ke
s ;

« The complexity to e expected in the VCE coatrol syetea is cousideradle, byt ip
likely to “e marageable.

4

~ The VCE deacribed doen not yet meet weight requirements. Az improvement can -
E be sxpected, Lf the engine ia wodified to odtainz a ainizum Bypaas ratic with "
- I reheat, A positive clarificatioa of the veight probles is of decisive importance. E
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Fixed Cycle Mixed Flow Turbofon
— Fixed Compressors and Turbines

- (PC Bleed Control

~ Variable Nozzle

~ Compr. Section and AB Connected

Variable Cycle Mixed Flow Turbofon

~ As (1) but
-~ Variable LPT

Variable Cycle Unmixed Flow Turbofan

— Variable Splitter , IPT, LPT

— Variable Primary and Duct Nozzle

— AB- Cooling Air Throttied /7 Shut Down
— Compr. Section and AB Separated

Variable Cycle Turbo Jet

~ Variable HPT ; IPT' LPT
AB - Cooling Air Throttled / Shut Down

Fig. 1

Variable Nozzle
Compr. Section and AB Separated

Derivation of VCE-Concepts

(3-Shaft Arrangements)

Variable Cycle Currant Zngines
fngine (liixed Flow)

SL/MY = 0,8/ISA/Uninstalled VoI ¢ 0,25 c1,%
Max. RE  ( Max. Dry ) F kN 80 (43,6) 80 (42,7) 80 (31,8)
Fan Massflow E |kg/s 102 81 91
Nuaber of Shafts 3 2 3
Turbine IEntry Temperature =T X 1600
Reheat Temperature RHT { 2050
Bypass Ratio HD/“HPC = BPR 0,34 (0,65) 0,25* 1,3
AB-Cooring Air Ratio MC/MIIPC 0,25 - -
Overall Pressure Ratio OPR 20
Tan Pressure Ratio PR 149 343 2,4
IrC-Pressure Ratio IrR 2,4 (1,9) - 2,4
IIPC~-Pressure Ratio HPR 4.4 (5,4) 6,1 5,5
m - -
Brsme oot Tu/Pmo 057

* Duct Flow for Cooling of Afterburner only

Fig., 2

Main Des.gn Parameters of Engines Jompared
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Control Variables: |

VCE ¢ 1,3
1) Main Fuel Flow 1) Main Fuel Flow
2) Reheg’ Fuel Plow 2) Reheat Fuel Flow
3) 1PC-Blead (AB-Cooling) 3) IPC-Blow Off (der, Stability)
4) Primary Nozzle 4) Nozzle

5) Duct Nozzle
6) 1P-Turbine NGV
7) LP-Turbine NGV
$) Splitter

Pig, 3 General Arrangement of VCE and Engine C 1,3

Current Engines ( Mixed Flow )

NN General Trend
20719 m/0 C13 Selected Design Param.
160071565 K A/ & €025 | Max. RH/Max. Dry

SL/MN - 08/1SA /Uninstalled

Overall Pressure Ratio OPR

Turbine Entry Temper. TET
Reheat Temperature RHT = 2050/ -~ K

VCE (Unmixed  without Duct Bu.rning)
2 General Trend

F ™ @ / O Selected Design Parameters
—_ 5, \\\ Current Engmes

M %, \\\

N

094% 70 .
s] )Y SFC \\\\\$ ?\‘
kg N \\\\\\\\\\

08~ i 80 g 4 Current Engines __|
i [ws] [ l

1
|  Max.RH N VCE Max. RH

[7=]

- 07 50
c 8
o0 *é 40
o
= § Current + VCE
@ 05 5 10
Dn ! U
(2] Current + VCE <
0,4 e 20
kY] :
oot
0,3 o 10 ;
(=% k:
) 3

0 0,5 1,0 15 2,0 0 05 10 15 2,0
Bypass Ratio BPR = M, /Mqc Bypass Ratic BPR

Pig., 4 Selection of Design Cycle Parameters
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Lo af ST T
T A

SL/MN =06/ Cry Partl. /1SA/Uninstalled

Overall Pressure Ratio

25 T
OPR Max. Dry
20 £
c\3/
// 4
15 ~ 5
s CQ25
0 7 _NVCE
I
i
5
Turbine Entry Temperuture
1600
s
TET d 7/
1400 , ?
K1
1200 -
1000

40 50
Thrust F (kN1

Fig. 5a Dry Partload Cycle Data

SL/MN=06/Dry Partl./ISA /Uninstalled

Massflow (rel. to Max. Dry)

r /,o& Nozzle Pressure /Engine Entry Pressure
VA ) P Nozzl
NP rimary Nozzle
4€025 EEP

3 €025 .
c13 4+ VCE

2 i!i‘gﬁﬁéw/:;’:g N
' Duct Nozzl
. aniie ¢ l<:uzze

T

0 10 20 30 40 50
Thrust F (kN

Region with Expected Improvement
of Installed VCE-Performance

Z“"' Dey ‘ Typical Cruise Condition

30 40 50
Thrust F (kn]

Fig., Sb Dry Partload Cycle Data, Continued
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DISCUSSION

J.F Chevalier
La conférence du Dr Grieb était trés précise, et il est probable qu'il faudrait étudier i fond la dossier pour savoir si
on arrive aux meémes conclusions que lui. Mais je pense guand meme qu'il peut y avoir des remarques 3 faire sur
sa conférence.

N Personnellement, j"ai une petite remarque d faire. Un peu de détails. Vous avez attaché beaucoup d'importance i
Pair de refroidissement de la post-combustion ot sur les différences de performances que 'on peut attendre suivani iu
fagon dont on traite cet air de refroidissement. Personncllement j'ai été un peu surpris, je ne m’attendais pas a ce
que ga intervienne autant dans les différences entre moteurs.

Author’s Reply
We found that the influence of the throttling of the afterburner cooling air on performance is very small. But from
experience with reheated turbofans it is known that the compressor section is very sensitive to the afterburner light
up and blow off. This can be prevented by separation of afterbumner and duct flow and throttling of the afterburner
cooling air, i.c. that the engine works like a reheated turbojet.

"N P.A Kramer
" Why is it important, as pointed out in the lecture, to have a separation between afterburner and compressor?
‘ . n..
3 Author’s Reply
& During afterbumer light up and blow off there is no proper combustion in the afterburner and it can well be that for

very short time the efficiency of combustion is much better or worse than the scheduled efficiency. That means,
during this process, the temperature in the afterburner, i.e. the real reduced mass flow function Mf/l’ can be very
different from the scheduled one. This means a change of the nozzle throat is necessary, but this is not realized by
the control system. A pressure step either upwards or downwards is encountered which teels the compressor. In
case uf the turbofun the higher the bypass ratio the higher is the influence of such a process on tine fan working line,

2. E.Willis ]
: 1 To what level of detail did you estimate the weight of the VCE? i, were allowaness made for weight and/or per-
X formance penalities due to unique components and features such as the variable splittc 1 am not sure whether the
l parameter variation of VCE weight in Figure 15 represents the expected range of the penalties due to unique
i features or merely a range of uncertainty applicd on top of your first estimate of ihe penaltics?

Author's Reply
You have seen the slide No 3 where both general arrangemeats are shown. Both engines were designed to the same
' thrust at sea level, Much 0.8, Engine C 1.3 hae a bypass ratio 1.3 and the VCE has a bypuss ratio .34/.65. We
designed both engines properly and estimated the weight of all the components and found that the VCLE is much
' heavier than the turbotun engine. We found also that not only the structure but also the thermodynamic cycle of

the VCE plays an important role on this high specific weight. We mean that the minimum excess weight by the
variable components and moge complicated arrangement will be at least 10 to 15%.

/i

%
Habrard
] Vous avez éliminé ke moteur No 2 du point de vue du fonctionnement du fan avec réchauffe. Est-ce que le moteur
3 * No 3, qui finalement s'avére intéressant avee chaufte du plus froid, ne présente par les mémes désavantages at finales
- . went, ne rendraite-il pas le moteur deux aussi intéressant?
i
- 3 Author's Reply
; 1 think, if only perfonmance is important, concept 2 and cong¢ept 3 should be put into the same box. Butif you
8 take into account abvo stability problems in connection with the afterburner then you have to separate them. We
defined our requirements with respect to performance and to stability also and this is the reason why we left engine
. . No 2.
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VARIABLE CYCLE ONGINES FOR V/STOL FIGHTERS
by

John R. Facey
Program Manager
Naval Air Propulsion Test Center
Trenton, New Jersey, USA

Fred C. Glaser
Technical Progrem Manager
HeDonnell Douglas Corporatiom
St. Louils, Missouri, USA

SUMMARY

Future airbreathing engines will require lower fuel consumption and greater operational flexibility
than obtained with present engines because of low worldwide fuel reserves and the expanded requirements
projected for advsnced aircraft. Turbofan engines operate efficiently at subsonic Mach numbers and turbo-
jet engines operate efficiently at supersonic Mach numbers, but an aircraft which requires efficient
operation in both speed regimes needs the best of bnth engine types - this is not possible with current
production engines. In addition to diverse flight Mach numbers, V/STOL aircraft require a large variation
in thrust levels. At takeoff and landing, the engine must produce a very high level of thrust and thus,
is oversized for many of the forward flight conditions, Variable Cycle Engines (VCE) offer a potential
approach to the solution of these problems, In the Navy Variable Cycle Engine Selection Program, several
VCE's were evaluated in a Navy V/STOL fighter aircraft., The results indicate that some VCF concepts offer

cycle flexibility which will greatly benefit the Navy in both reduced fuel consumption end lower aircraft
take-of f-gross-weight.

1. INTRODUCTION

Supersonic V/STOL fighters require propulsion systems which produce thrust well in excess of aireraft
weight, for powered lift and control, and which can be integrated into an aerodynamically efficient air-
frame. The powered lift requirements, plus the flight performance requirements of Navy fighter wmissiouns,
result in extensive compromises in the cycle and scheduling of fixed cycle engines. These comp-omises
have resulted in high take-of f-gross-weight and relatively poor payload and range performance in many
V/STOL aircrafet designs, Because of their inherent operational flexibility, variable cycle engines are
being studied fur V/STOL aircraft, Such engines can potentially reduce the compromises necessary with a
fixed cycle engine and, therefore, reduce aircraft size and improve performance.

The "Variable Cycle Engine Selection Program”, sponsored by the Naval Air Propulsion Test Center (NAPTC),
seeks to determine the impact of variable cycle engines on advanced V/STOL multi-mission fighters, This

paper presents a program description, a summary of current results, and the conclusicns drawn from the
initial phase of the program.

2. VCE SELECTION PROCRAM DESCRIPTION

In June 1975, the Mavy initiared the "Variable Cycle Engine Selestion Program" to assess the potential
benefits from variable cycle engines installed in V/STOL fighters., This program is a complementary effort
to a United States Ailr Force VCE selection program which will determine VCE impact on the size, operational
flexibiliey, and cost of supersonic multi-mission CTOL fighters, Reference 1, ¥Figure 1l lists a number of
the critical engine requirements for fighters, including, efficient fuel utilization at both supersoanic
and subsonic conditions, high thrust for combat, and good airframe integration characteristics. Navy V/STOL
fighters, however, have additional eangine requirements, also listed in Figure 1, which are equally
important in achieving an effective design. A number of payoffs may be derived from the use of variable
cycle engines in V/STOL fighters. Por example, the utilization of variable ailrflow features to produce
the high thrust required for take-off and landing could eliminate the need for direct lift engines or lift
fans, As a result, overall propulsion system development and maintainence costs would be sharply reduced.

FIGURE 1
VCE APPLICATION TO V/STOL

® MULTIMISSION AIRCRAFT PROPULSION REQUIREMENTS
® EFFICIENT SUPERSONIC DASH

EFFICIENT SUBSONIC CRUISE

EFFICIENT LOITER

HIGH COMBAT THRUST

IMPROVED INSTALLED PERFORMANCE

¢ SUPERSONIC V/STOL
© SHORT TIME HIGH V/STOL THRUST
® RAPID THRUST RESPONSE FOR HOVER
& HIGH BLEED RATES FOR CONTROL
® MODERATE EFFLUX
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Some VCE designs can also be used to obtain the rapid thrust response required for hover control. Such
engines can eliminate the need for thrust spoiling, and thus, reduce the size of the powered 1ift system.

?ff 19, Other VCE concepts can produce high bleed rates for attitude control without oversizing the main propulsion
. Ve system. The objective of this program i{s to identify high payoff VCE design concepts and operational
E B characteciszics for multi-mission Navy V/STOL fighters. The following paragraphs briefly describe mission

requirements used, the evaluation approach and the VCE concepts which have been evaluated.

2,1 Mission Requirements

Meaningful evaluations of enzine impact on aircraft aize, weight, and performance must be conducted
i using missions which are representative of future requirements. The two prancipal missions used for this
study are shown in Figure 2, The Deck Launched Intercept (DL1) mission emphasizes high power performance

FIGURE 2
DESIGN MISSIONS

: : DECK LAUNCHED INTERCEPT (DLI) ENERGY MANEUVERABILITY
. SUPERSONIC DASH REQUIREMENTS
- SUBSONIC CRUISE — Sussomic
N — SUPERSONIC
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3 COMBAT :
5 vV vro |
3 ’ RADIUS | SUBSONIC SURFACE SURVEILLANCE (SSS)
- EXTERNAL FUEL (IF REQUIRED)
. . 4 SUBSONIC CRUISE
F = ——
8 \J SUBSONIC CRUISE \twlren
. cLiMB SUBSONIC
w | /sto COMBAT

L——-——————————-RIU)é;S l

for vertical takeoff, maximum power climb, supersvaic dash, and supersonic combat. The Subsonic Surface

Surveillance (SSS) mission emphasizes low power fuel utilization efficiency in the long range subsonic

3 cruise out and back, and long loiter on station. The DLI design mission is used to define aircraft

- internal fuel volume. The SSS mission is accomplished by adding external fuel and performing a short

’ takeoff instead of a vertical takeoff. In both cases, aircraft performance requirements such as accel-
eratiun time, maneuverability, specific excess power, and combat ceiling are quite demanding. Super-

! imposing the performance, VTOL, and STOL requirements produces an aircraft with a high thrust to weight
ratio. Thus, the aircraft requires an engine with high thrust capability for performance, good high power
fuel consumption characteristica for supersonic cruise and combat, and good low power fuel consumption and
aircraft installation characteristics for subsonic cruise and loiter conditioans.

2.2 Program Approach

The "Variable Cycle Engine Selection Program" is a three-phase effort covering approximately
thirty (30) months as shown in Figure 3, Phase I of the program vas six months long and was completed in
December 1975, Phase I was aimed at identifying VCE payoff potential and selecting complementary aircraft
and high payoff VCE concepts for subsequent detailed evaluations in Phases II aund Ill.

Lo U it
o ettt

AL e

® - - Phase Il {neludes development of a computerized V/STOL aircraft sizing and performance procedure, and
¥ detalled definitions of the engines and alrcraft selected in Phase I. In Phase IIl, the VCE/atrf:ame

& design and VCE payoffs will be identified and experizental programs eimed at demounstrating critical VCE
i components will be defined and recommended.

j" ;g The Phase [ procedures and results are presented in thils paper. As illustrated in Figure 4, asensi-
s tivities were used in Phase ! to estimaie the uircraft takeeoffegross=welght (TUCW) required to achieve
» mission and performance objeetives for each of six candidate VCE concepts, The sensitivity of TOGd to
N - K propulsion system performance fur each xey mission segment and to propulsion aystem physical charactar-
b " o istics were included. The performance parameters for which senattivities were developed included net
: thrust, fuel flow, inlet drag, and afte=cnd drag. The phyeical characteriatics included engime weight and

N engine size,

R The approach to be used for Paasea Il and III {& outlined im Figure 5. Phase Il involves rhe modifi-
cation of the engine/airframe evaluation proecedure, developed durimg the USAF VCE selection prgogram, to
permit analyels of V/STOL atrcrafr and development of a refereace alvcraft deaign with advanced technology
fixed cycle engines. The refereace aircraft will be umed in Phase IIl to determine the benefits obtalned
by uaing variable cycle englnes in Navy V/STOL fighters. %Yo ensure a valld hasis for the evaluvations, the
reference alrcraft design will be sized to the ainisum TOGW that can achieve misseiocn and performamce
requiremeats,
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The engine company selected for Phase II (Ceneral Elec:rlc') will provide the fixed cycle engine data
for the development of the reference aircraft and wili investigate the design, operating, performance, and
1ife cycle cost characteristics of the two most promising “CE conzepts from Phase I,

In Phase I1I, McDonnell Douglas will define aircraft for the two selected VCE concepts. Using the
engine/airfrane evaluation procedurs, the aircraft size, weight, and performance relationship to engine and
airframe design varisbles will de defined for each VCE coacept. The ainimum TOGW aircraft capable of
achieving the design mission and performance will then be identified and compared with the reference
atvcraft of Phase 11 4in terms of TO(W, life cycle cost, alternate mission performance, nom-standard dsy
performance, and powered 1ift wystem operation,

General Electric will define the size, weight, performance, and cost characteristics of the selected
VCE concepts. As the vehicle and engine independent desizn parameter sensitivivies become available from
MeDonnell Douglas, refinement of the VCE concepts may be possible by altering cycle dezign points and
component operating limits, When the refinement is completed and the capabilities of the VCE's established,
the techaical feasidility of VCE components will be determined and developgent recommendations made to the
Navy.

2.3 thase 1 YCE Concep:s

In Phase I, VCE data were provided by Detroit Diesel Allison and General Electric,
partial listing of the characteristics of the .sadidate engines.
designed with axisymmetric V/STOL exhaust nozzles. Cenoral Electric defined engines with both axisymmetric
and two-dimensional V/STOL exhaust nozzles. The two-dimensionsl nozzles were designed to permit augmenta-
tion during both forward and vectored thrust operation and are designated as the Augmented Deflector Exhaust
Nozzles (ADEN).

FPigure 6 is a
Detroit Diesel Allison’s engines were

FIGURE 6
CANDIDATE VCE CONCEPTS
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,ff '; ‘ The four VCE designs provided by Detrolt Diesel Allison covered a broad range of design complexity and
g !/ k: \ performance potential, The fiest concept was a variable geometry mixed flow afterburnieg turbofan. b
g oo Variable geometry was included im the fan, compressor, and both high and low pressure turbinmes. The 9
g ' § variable geometry features were aimed at improving subsonic fuel consumption characteristics, The Detroir ]
g E B Diesel Alllson vertical thrust nozzles were located upetream of the augmentor thereby precluding augmenta- ,
0 ¢ N tiea duriang vectored thrust operation, ]
jf 3 1 Thie second Derroit Diesel Allison coacept wak a dry variable geometry turbojet, Variable geometry was

tacluded in hoth the compressor and furbize to obtain improved subsonic fuel consumption te compleaent the

i i’; tugbojet's iuhereatly superior fuel coasumption at supeesonic couditioas.
: 1’3 Tha third Detroft Dicsel Allisoa comeept wasa the bspass buraing parallel turbime turbofan enmgine. this
< engine incorporated 3 Sypass duct cowbustor and a low presaure turbime which exteaded iato the bypass duee, :
8 fhe bypass and primary streama vere mixed to simplify thrust vectoriag for V/STOL operaticas, Variable E
. zeometry was iacluded im the low preasure tucbine and mixer. In this engine, the Mypass combuetor was
“ operat=d a4t high thrust conditions and she bypass duet curbine was used .o maintain high atrflows., Thke
. bypass coambustor increased engine speciftc thryst and provided good supersonic fuel coasumption charactes-
s {utiea, Por zubsonie operatiom, the hyaxaes burner was tursed off, and eascatially ao power was derived
3 from the bypase portioca of the turbine,

- The foureh Derrolr Diesel Allisoa eoacept svaluated was a variable geomerry turbofan with a reverse
§E - 2 ptech Jan atage, reavtely loeated upatream af the primacy engire. This coacept vas configured tu elimi-

' B pafe the need for Lifr eaglmes, or fame, for wertiecal takeoff, For the vertical takeoff wnde, the reverne
piteh fan was used o pump atrflow upstreana of the engine. That flow was thea vectored to obtain lift
forward of tie atrcrait veater of graviey. The reverse piteh faa vas drivea by the low pressure turbine
of the turdofan esgise in both the reverse sode (for life) 2ad coaveational avde, where the reverse piteh
faa supercharged the turbofan caairee.
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All the General Electric VCE designs were defined using one basic concept; the modulating bypass turbo-
. fan engine. These engines were designed with a modulating fan for airflow characteristics with various
R, flowas and dischatrge pressuras, Variable geometry was included in the fan, compressor, turbine, and mixer,
4 For high specific thrust operating conditions, the fan discharge pressure was rmaximized. During subsonic
cruise, the fan produced a high operating bypass ratio. At these conditfons, fan pressure ratio decreases
and uninstalled fuel consvmption improved, relative to a fixed cycle engine. Inlet flow could be
modulated during subsonic flight to reduce installation losses,

Two General Eleztric concepts used axisymmetric exhaust nozzles. A third concept waa the swme engine
design as the first, but with an ADEN exhaust nozzle, The fourth candidate conicept incorporated the ADEN
exhaust nozzle and an flow modulating fan which supplied flow to & remote lift system (RLS), 1he RLS was
used to provide Y70 thrust and, thus, eliminate the need for direct lift engines, This concept has the
potential to significantly reduce the complexity of the powered 1lift system of a V/3TOL fighter.

3. TROGRAM RESULTS

A systematic screening procedure was used to obtain ~ preliminary, but consistent, measure of tne
relative payoff for each of the candic-te VCE concepts in advanced Navy V/STOL fighters, The following
paragraphs briefly summarize this procefuve and present the results of the engine screening for the DL1
and SSS design missions described above., Results are presented for evaluations of VCE concepts with both
axisyometric and two-aimensional V/STOL uozzle installations.

>
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3.1 Screecing Procedure

Alrcragft TOGW scnsitivicies to engine size, weight and performance parameters were used to evaluate
the candidats VCE concepts. These gensitivities were dorived usirg a McDonnell Douglas advanced Navy V/STOL
2 fighter design., That design, shown in Figure 7, was specifically optimized to achieve the Navy DLI and
m . 835 missions using a fully integrated direct lift plus lift-cruise propulaion system. The design
X "’p characteristics of the advanced technology, fixed cycle direct lift plus lift-cruise engines (FCE) are

e also noted in Pigure 7. This aircrafe was i{n the 30,000 lb TOUW class when sized to achieve the DLI radius
- and performance requiremeats and is capable of VIO with full internal fuel and DLI armement. With external
. . o 5 fuel and SSS migsion armament, the aircraft TOGW was in the 40,000 1t class, and was capable of achieving
E ‘N the 35S misesion and STO requirements., TOCW sensitivities vere deteruined at each critical mission and
S performance segment of the DLI and S$S missions,

e e iy b dsia

4

3 FIGURE 7
L. LIFT + LIFT-CRUISE
E V/STOL AIRCRAFT DESIGN
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B
;’ The use of the TOCH semsitivities to aasesa the impact of the VCE coacepts oa BLYI T0GH is 11lustrated
i Figure 8, All incresments in VCE fuel consumpiion, thrust, gecastry and weight were refereaced to the -
\ FCE lifemcruise englane sea level static thrust lavel, 4

Loy The impact of VCE gpecific fuel comaumptioa (SFC) oa TUCH waa evaluated at the BLI erutase, dash, asd
, I combat £light coaditioas using the same aet pro-ulalve lorce (NPF) (emginme met thruat mtamua toral falet

- drag aad throgtle depeadent afteead drag) as vey lred to perform those atsatos segmeate with the KB, The
VCE tnitalled S¥C was deteralaed at each wission segment and the ecanitivitles used to determine impact on

FOCH, 2o, ATOGH Fuel Congumptice = ?5;:% [&‘-ﬁt‘ﬂ - sregegl « The total TOGE variation cauvsed by the

3 difference betwech FUE and VCE SFC ta equal o the suamation of YOOW fncrements for eaeh of the misaton
_ ) segmenti,  The tupgact of VCE thruset characteriacica oa TOCW, the WE NPF was deltsad at the subsoaic aad
i - superacatc caergy mansuverabilicy flight coaditiona. Net propululve force ta cuc.us of “at requived t2
B - achieve the deatred performance fadicates that the VOB slze cam de reducéd. ioe scasitivitive weze thea
used to tdeatify che resuleiag TOCH reductgica.




Maximum engine diameter was used to assess the impact of VCE size on TOGW, Nozzle/aft~end drag incre-
ments were obtained from empirical data correlations by defining maximum engine/{uselage cross-section
area ratlo for each VCE candidate, The sensitivities were then used to assess TOGW increments caused by
these geometry dependent drag increments at the thrust and fuel sizing mission segments.

The propulsion system weight TOGW increment was computed by multiplying the sensitivity times the
change in lift-cruise ard direct lift engine weight. This weight increment was determined with the engines
sized to produce the same total 1ift as in the FCE powered aircraft., The same direct lift engine design
was used in both the VCE and FCE aircraft.

The SSS mission was performed by adding external fuel tanks to the aircraft, which wss sized to accomp-
1ish the DLI mission with internal fuel. Consequently, the difference between SSS and DLI TOGW was equal
to the difference between $SS and DLI armament plus the external fuel and tank weight, There is, then, a
direct relationship between DLI and SSS TOGW. This empirical relationship, ATOGWggg = 1.6 ATOG:BLI' was
used to compute the change in SS5 TOGW due to the change in DLI TOGW determined for each VCE. GW sensite
ivities were also used to determine the 58S TOGW changes resulting from VCE SFC and engine geometry dependent
drag at the S85 cruise and loiter mission segments.

FIGURE 8
ENGINE EVALUATION PROCEDURE
USING TOGW SENSITIVITIES
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3,2 Evaluation Results for Axisymmetric Nozzle Installations

Six VCE concepts were evaluated with axisymmetric V/STOL nozzles “four Detroit Diesel Allison and
two General Electric engines). With the axisymmetric nozzles, it was assumcd that the DLI VTO was
accomplished with non-augmented power, as was the case with the FCE aireraft, A summary of the DLI mission
TOUW sensitivity evaluation is presented in Figure 9, Each concept was evaluated to determine the effects
of maneuvering thrust, SFC, geometry dependent drag, and engine weight on TOGW, All six engines achieved
TOGW reductions which were derived from their maneuvering thrust and SFC characteristica. It should be
noted that none of the VCE concepts exhibited reductions in subsonic cruise SFC, but all six achieved
reduced SFC at the supersonic dash and combat flight conditions. Only one VCE, the Detroit Diesel Allison
VGT TF, resulted in an engine weight payoff and two exhibited prohibitive engine weight penalties.
Finally, only the Detroit Diesel Allison VGT dry TJ produced an engine geometry dependent drag penalty.
The total TOGW increment achieved by the VCE concepts is equal to the sum of the four separate increments
shown in Figure 9. The Detroit Diesel Allison VGT TF clearly produced the largest potential DLI TOGW
reduction of the six engines evaluated.

The results of the $SS wission TOGW sensitivity evaluation area summarized in Figure 10. As noted above,
three TOGW increments were evaluated for the SSS mission, including those resulting from (1) DLI TOGW
changes, (2) VCE SFC characteristics, and (3) VCE geometry dependent drag., Consequently, engines which K
produced DLI TOGW reductions resulted in a corresponding increment in SSS TOGW, as shown in Figure 10.
Only one VCE, the General Electric 0.95 BPR Modulating Bypass TF, resulted in a TOGW reduction because of
its SFC characteristics at the SSS mission subsonic cruise and loiter flight conditions. Again, the
Detroit Diesel Allison VGT TJ was the only VCE which did not achieve & TOGW reduction due to the geometry
dependent drag. The total 58S TOGW change is equal to the sum of the three increments shown in Figure 10, ¥
Two VCE concep:s significantly reduced $8S TOGW,

The results of the DLI and SSS mission TOGW sensitivity evaluations identify the Detroit Diesel Allison
VGT TF and the 0,95 BPR General Electric Modulating Bypass as the most promising of the VCE candidates
evaluated, Although the 0.5 BPR General Electric Modulating Bypass TF produced greater DLI TOCY reduction




FIGURE 9 K
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TOGW SENSITIVITY EVALUATION - SSS MISSION
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' ;’,.‘ than did the 0,95 BPR engine, the SSS evaluation clearly identified the 0.95 BPR as the superior design for
;{_’ maximum payoff potential with multiple design mission requirements.
b k) 3.3 Evaluation Results for Two-Dimensional Nozzle Installations
o :
&:f General Electric provided two VCE concepts with two-dimensional Augmented Deflecting Exhaust
x{g Nozzles (ADEN) for evaluation in this program., Both designs were designed to permit full augmentation with

vectorad thrust for the DLI VIO and the 88S STO. The RLS concept uses fan discharge airflow, which is
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ducted forward of the aircraft CG to provide a powered lift system, and thus, eliminate the vequirement
for separate direct lift engines.

The installation of such propulsion systems resulcs in a significant departure from the design
integration of the FCE aircraft as shown in Figure 11, Thercfore, the potential payoff for these VCE
concepts was assessed by developing design layouts to determine VCE welght and geometry impact on TOGW and,
then, using the FCE aircraft sensitivities to determine the TOGW impact of VCE thrust and SFC, To obtsin
consistent and comparable results, this procedure was also used to reassess the TOGW paycff of the two
most promising VCE concepts (Detroit Diesel Allison VGT TF and 0.95 BPR General Eleciric Modulating Bypass
TF) with axisymmetr.c nozzle installatious,

FIGURE 11
VCE/AIRCRAFT DESIGN INTEGRATION

VCE AIRCRAFT

POWERED LIFT
SYSTEM INTEGRATION

NOZZLE/AFT-END
INTEGRATION

Payoff potential was estimated for both the DLI and SSS design missions and the results are shown in
Filgure 12 and 13 respectively. All four VCE concepts resulted in TOGW reductions, relative to the FCE
aircraft, due to thrust, SPC and geometry dependent drag, but only the Detroit Diesel Allison VGT TF
acnieved a TOGW reduction due to engine weight, The total DLI TOGW change is equal to the sum of the four
increments shown; and all four engines achieved a net DLI TOGW reduction., The linear relations between
DLI TOGW changes and SSS TOGW changes discussed above were again used to assess the impact of VCE weight
and geometry on SSS TOGW as shown in Figure 13. Only the 0,95 BPR General Electric Modulating Bypass VCE
achieved a SSS TOGW reduction due to SFC. Once again, all four VCE concepts indicated potential TOGW
raductions in the SSS design mission. The results of these evaluations are summarized in Figure l4. Two
of the engines, the Detroit Diesel Allison VGT TF and the General Electric Modulating Bypass TF plus RLS,
indicated significant TOSW payoff potential in both the DLI and SSS mission applications.

FIGURE 12
INTEGRATED DESIGN TOGW

SENSITIVITY EVALUATION RESULTS
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FIGURE 13
INTEGRATED DESIGN TOGW
SENSITIVITY EVALUATION RESULTS
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FIGURE 14
INTEGRATED DESIGN TOGW SENSITIVITY
EVALUATION SUMMARY
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3.4 Evaluations of VCE Operational Flexibility

The fixed cycle engine used to define the aircraft TOGW sensitivities was a conceptual design

incorporating technology projected for 1990 engines., However, due to individual engine company design

I techniques and schedule optimizations, this engine could introduce inconsistencies into the sensitivity
3 evaluations., Thus, it was desired tn assess the potential impact of such inconsistenciles.

A General Electric modulating Bypass turbofan was evaluated and the results were compared with the VCE
evaluation results, The TOGW sensitivities were used to determine the DLI and SSS TOGW for the General

Electric FCE design.
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demonstrates the advantage of variable cycle features, Both engine concepts provided a substantial TOGW
reduction for the DLI mission, which emphasizes good supersonic flight engine performance at dash and

combat. However, the VCE concept provided a substantially higher TOGW payoff for the 585 mission where the
emphasis is on good subsonic cruise and loiter engine performance. On the basis of these results, it appears
that the major payoff for VCE may be achieved in aircraft with multi-mission requirements.

S e T T T T . A

FIGURE 15
DEMONSTRATION OF VCE OPERATIONAL FLEXIBILITY
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4. CONCLUSIONS

The simplified analysis procedures used in Phase I of this program allowed s rapid and enlightening
evaluation of several VCE concepts. The results, TOGW reductions of approximately 10%, showed sufficient
VCE payoff potential to warrant proceeding to Phases II and III. The most promising VCE concepts were the
Detroit Diesel Allison Variable Geometry Turbofan and the General Electric Modulating Bypass Turbofan
engines. It was also apparent that an aircraft which is required to perform only one mission will probably
not derive a significant TOGW reduction from the use of a VCE, However, an aircraft that must perform
several missions of diverse nature will benefit from the use of a VCE.
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DISCUSSION

J.Hourmouziadis
On of the engine concepts favored is the Detroit Diesel Allison VCE incorporating a variable HP Turbine. When

does the author expect such a turbine to be available?

Author's Reply
We are presently engaged in advanced programmes with a number of different variable geometry turbines and Allison

has in fact run one variable turbine, high temperatured and highly cooled, this being a preliminary version after some
improvements. There will be one available for advanced type tests in the next year or so. Also it is to be mentioned
that there is a similar programme on variable low pressure turbines going on.

J.F.Chevalier
Je voudrais faire deux remarques dans la comparaison du résultat de données par tous le moteurs. 1l me semble que

les bons résultats obtenus avec le premier de tous les moteurs, un VGT/TF d’Allison, résulte d’un optimiste certain
sur le poids de ce moteur. Il devrait, certainement, dans les delta, étre pénalisé plus par son poids. Quant aux
derniers moteurs qui donnent des résultats assez intéressants aussi, c’est un retour finalement au Pegasus, 3 peu de
chose trés. C’est une remarque que je fais.

Author's Reply
I should point out that in the fixed and variable cycle engine comparison for the multi-mission flexibility compari-
son very consistent weight analysis procedures were used. And even though we can agree that we may not know in
detail the weight penalties due to the variable components, I think that the use of consistent weight analysis pro-
cedures considering those components and then still indicating a pay-off is a very attractive result.
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CYCLE VARIABLE ET TRANSPORT SUPERSUNIQUE

C. MENIOUX
Chef du Service "Avant-Projets”
S.N.E.C.M.A,
Centre de Villaroche - 77550 MOISSY-CRAMAYEL - FRANCE

INTRODUCT ION.

Ce n'est pas par hasard si le concept du moteur & cycle variable est né & l'occasion des &tudes d'un
avion de transport supsersonique de deuxieéme génération.

Le domaing de vol d'un avion supersenique étant trds étendu, le propulseur ne peut pas étre optimisé
dans tous las cas de vol st les qualités qul lui sont demandées pasuvent méme é@tre contradictoires. En
particulier; le principal obstacle au développement du transport supersonigque est le probléme du bruit au
décollage. Il est impératif que les avions de transport supersonique futurs satisfassent aux réglements
actuels ou en cours d'élaboration, concernant le bruit au décollage. Cette obligation, impliquant une
vitesse d'éjection modérée, cofncide avec les exigences d’un bcn rendement aur basses vitesses, mals est
incompatible avec l'obtention d'un faible maltre couple et d’un bon rendement aux vitesses supersoniques.

C'gst pourquol 1'idée du moteur 3 cycle variable, qul réduirait comme par magle ces incompatibilités,
apparalt comme particuliérement séduisantse.

Mais le moteur & cycle variable, qu'est-ce que c’'est ? Nous allons tenter de dresser le portrait
robot du motsur . cycle variable idéal adapté au transport supersonique & Mach 2, en cherchant quelles
devraient 8tre ses caractéristiques principaies du triple point de vue des cycles, de 1'sncombrement et
de la constitution interne.

1, POSSIBILITES ET LIMITES DES MOTEURS CLASSIQUES.

Pour cela, il est tout d’abord nécessaire d'examiner quelles sont les possibilités et les limites
des moteurs classiques.

En croisiere supersonique, les principales qualités demandées au propulseur sont d'une part une
faible consommatior spécifique, d'autre part une forte poussfe spécifique (poussée par unité de débit)
et un faible maftre couple, afin .2 réduire la masse de l'ensemble propulsif et la tralnde ue la nacelle.

1.1, Choix du cycle.

La planche 1 présente les r'ésultats d'une étude des cycles monoflux et double flux mélangés sans
réchauffe, dans les conditions de vol Mo = 2 Z > 11 km ISA + 5,

Les poussées spécifiques et consommations spécifiques sont présentées par rapport & un propulseur de
référence de mdme cycle que 1'OLYMPUS 593, propulseur actuel de CONCOROE.

Les cycles double flux nélangés dépendent de trois paramétres indépendants, par exemple : taux de
dilution, température entrée turbine et taux de compression primaire, le taux de comprassion de la souf-
flante étant fixé par la condition d'égalité des pressions & la confiu2nce.

Dans }'étude présentée, le taux de dilution est variable de 0 & 2.5 par pas de 0,5, tandis que la
température entrée turbilne est augmentée par pas de 50° jusqu'd 20C° au-dessus de la valeur actuelle de
1'0OLYMPUS. Pour chague valeur du taux de dilution et de la température entrée turbine, il existe une
valeur du taux ds compression primaire qui rend la consomnation spécifique minimale. Ce taux de compres-
sion optimal est trés élevé, irréalisable pratiquement, et conduit 3 des poussées spécifiques trés faibles

Dang la pratique, on recherchera donc une solution de compromis permettant, moyennant un léger
sacrifice sur la consommation soécifique, J'augmenter la poussée spécifique et de diminuer le taux de
compression primaire. U'est ce qui a été fait dans cette é€tude ol, pour chaque valeur du taux de dilution
et Je la température entrée turbine, nous avens déterminé la valeur du taux de compression primalre per-
mettant d'obtenir la poussée spéci{figue la plus élevée au prix d*un sacrifice de 2,5 % sur la consommation
spécifique par rappcrt au moteur optimal correspondant,

L'examen des résultats montre que le taux de dilution peut varler dans des proportions importantes
de U & 2,5, sans changement significatif de la consommation spécifique.

Par contre, la poussée spécirique décrolt rapidement quand le taux de dilution augmente. De plus,
dans un muteur double vlux classique, or n'est pas maitre de l'évolution gu taux da dilution en.re le
gécollage at la croisiere., Un moteur double flux, avec un taux de dilution modeste ue 0,5 au décollage,
se retrouve en croistére supersonique avec un taux de dilution voistin de 1, 1} en résulte, & la tempe-
rature entrée turbine de référence, une diminution de poussée spécifique supérieure 3 40 % par rapport
au moteur menoflux Je référence.

S{ on veyt 1. iter cette perte de poussée spécifique & 30 %, 1l faut augmenter la température entrée
turbine de 20C°,

st i 3T il R 2 e il

e s




[P

LI 2P

-

¢
A
¢
R
Y
)
-

En conclusion, le cycle le misux adapté & la croisiere supersonique est le cycle monoflux sans
réchauffe puisqu'il procure une excellente consommation spécifique et une poussée spécifique élevéa.

L'utilisation de la réchauffe sur les flux primaire et sscondaire, ou de la chauffe du flux secondaire,

parmettrait d'augmenter la poussée spécifique das moteurs double flux en croisiére supersonique, mais au
prix d'une augmentation prohibitive de la conscmmation spécifique.

1.2. Contraintes d'installation.

La poussée fournie & la cellule par le ygroupe propulsif est la résultante de la poussée du moteur et
de la tratnée de la nacelle, principalament la trafnée d'onde qui représente une partie non négligeable
(environ 6,5 %) de la trafnée totale de 1‘'avion,

L'optimisation dcit donc porter sur 1'ensemble du groupe propulsif et non sur le moteur seul.

La trafnde de carene est proportinnnelle au maitre couple de la nacelle et dépend de la différence de
saection entre 1'entrée d'air vt le maftre couple de la nacelle.

Oans un muteur classique, le compresseur basse pression sst unique, son débit par unité de surface
frontale est maximal au décoilags. En premidre approximation, on peut dire que le maftre couple de la
nacelle est proportionnel 3 la section d'entrée du moteur ot par conséquent au débit d'air dans les condi-
tions décollags.

Par contre, la saction d'entrée d'air est dimensionnée pour la croisidre supersonique, elle est
proportionnelle au débit d'air du moteur an croisidre,

Finalement, la trainée de cardne est proportionnelle au débit du moteur au décollage et & la loi de
variation du débit entre le décollage et la croisi2re.

La planche 2 montre, pour un avion donné, de m@me conception aérodynamique que CONCORDE, quelle
serait 1l'influerce sur la trafnde totale de l’avion d'un changement de la conception des moteurs et de
leur loi de débit A travers la variation de la trafnée de carane, en prenant comme propulseur de référence
le moteur actuel.

L'ordonnée représente la variation de la poussée spécifique en croisieére, 1'abscisse le rapport débit
croisidre/ débit décollage, ies courties en trait plein sont las courbes d'égale tralnée totale de 1'avion,
les courbes en pointillé les courbes d'égale vitesse d'éjection décollage., donc de m8@me niveau de bruit.

Pour réduire le bruit au décollage par rapport & la situation actuelle de CONCORDE et attsindre
FAR 36, i1 faudrait diminuer la vitesse d’4jection décollage de 30 % minimum ; il en résulte, & mime loi
de débit, une diminution de la poussée spécifique croisi2re de 30 % et une augmentation de la trafnde
totale de 1’avion d’environ 3 %. Ceci traauit simplement le grossissement relatif des nacelles par rapport
a 1l'avion.

Un moteur tel que le point A représente donc une solution classique double flux sans réchauffe. Il

permet de réduire sensiblement le bruit au décollage, mais au prix d'une augmentation de la masse et de
la trafnée des nacelles, car les possibilités d'action sur la loi de débit sont faibles.

2, MOTEURS A CYCLE VARIABLE : DEFINITION DES OBJECTIFS.

2.1, Objectifs relatifs au cycle.

L'optimisation du systéme pour lo croisiére imposo un cycle eu ensemble de cycles monoflux. C'est
catte configuration, considérée comme fondamentale, que nous appellerons “moteur de base®.

Au décollage, le moteur de base fournirait une poussée insuffisante puisque sur 1'OLYMPUS un taux de
réchauffe de 20 % est nécessaire. De plus, la vitesse d'éjection du monoflux sans réchauffe doit encore
8tre rédulte d'au moins 20 % pour atteindre le niveau de brult fixé par la norme FAR 36.

Le cumul de ces deus exigences nécessite une augmantation du 9ébit au décellage d'au moins 50 % par
rapport au moteur de base.

La puivsance équivalente du jet est inférieure de 4 % seulement & celle du moteur de base. Le moteur

utilisé en configuration décollage ayant vraisemblablement un rendement thermique moins bon, il est
nécessaire qu'il ait un Jébit de carburant ay moins &gal 3 celul du moteur da basa.

2.2. Objectifs relatifs & ]’encumbroment,

Le moteur & cyele variable doit avoir une faible vitesse d*é@jectien, denc fonctionner en double flux
ay décollage pour diminuer le bruit. On voit {mmédiatement sur la planche 2 qu'un tel moteur ne peut pas
avolr un compresseur BP unique, car s'i) en était ainsl, on obtiendrait un moteur tel que le point B. En
effat, ce moteur devralt avoir [« diamdtre d'entrée, denc le maltre couple du moteur double flux A, tandis
Que la section de captation de l'entrée d'air serait celle du moteur de référancg‘

11 en réaulterait une augmentation {nacceptable de la trafnée de croilsidre (+ 13 %) par suite de
1'augmentation de la trafnée de car&ne due, d‘une part au grossissement pelatif de la nacelle, d'autre
part a4 la déformation des formes oxtérieures.
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l.a nécessité da disposer tout le systdme de telle sorte que le maftre couple de la nacelle en
croisidre soit déterminé par la section d'entrée du moteur de base, implique gque les compresseurs BP
autras que celul du moteur de base soient disposés au niveau d’une partie étroite de ce moteur s'ils
sont logés dans la nacelle, ou escamotables dans le cas contraire.

Les compresseurs BP supplémentalres logés dans la nacelle doivent 8tre alimentés par des entrées
d'air latérales disposées sn parol ou en “écopes” rétractables.

3, ENSEMBLE DE PLUSIEURS MOTEURS.

La premidre idée qui vie-t & l'esprit est d'utiliser deux moteurs :

- un moteur double flux & grand débit et & falble vitesse d'éjection pour le décollage,
- un moteur simple flux pour la croisiére supersonigue.

Un tel systeme n'est valabls, du'point de vue aérodynamique, que si le double flux peut &tre logé
dans la nacelle du simple flux ou escamoté en croisiére.

Il est &vident que ce moteur ne psut pas 8tre logé dans la nacelle puisque son diamatre est supérieur
a celui du monoflux, et que ses dimensions le rendent difficilement escamotable. D'autre part, la masse
d'un tel ensemble serait inadmissible.

On est conduit & envisager un ensemble dans lequel les dimensions du double flux seraient réduites
grice a 1l'utilisation simultanfe au décollage dus deux moteurs, le monoflux étant assez réduit pour que
son niveau de bruit soit admissible. Les deux moteurs peuvent alors dtre disposés dens une méme nacelle,
comme le montre la planche 3.

Le monoflux, monocorps ou double carps, présente un resserrement entre la sortie des compresseurs
ot l'entréa de la chambre. Le double flux est monté autour du monoflux au niveau de cette partie é&troite,
il est alimenté par des prises d'air latérales.

Un tel ensemble ne poss pas de p.obldmes particulilers de fonctionnement puisqu’il est constitué de
deux moteurs classiques indépendants.

La masse doit &tre élsvée et supérieure & celle de deux moteurs respectivement de mdme cycle disposés
cOte A cdte.

Le diamétre élavé des paliers du double flux, en plus dua preblames technologiques qu'il peut poser,
impose une vitesse de rotation modérée et limite le taux 4e compression primaire, ce qui conduit & une
température esntrée turbine et un taux de dilution insuffisents pour obtenir un bon rendsment,

Cependant, cet ensemble, constitué d'un monoflux & régime réduit et d'un double flux de performances
médiocraes, aura une consommation spécifique au décollage plus faible qu’un monoflux avec réchauffe.

Les systémaes composés de plusieurs moteurs indépendants du point de vue thermodynamique ne méritent
pas véritablement le noin de moteurs & cycle variable, puisque chaiue moteur réalise toutes ses fonctions
{compression, combustion, détente, &jection) avec des organes qui lui sont propres.

Nous devons donc rechercher des systémes plus intégrés dans lssquels le plus grand nombre de fonc-
tions serait réalisé par les mémes organes dans toutes les conflgurations,

Pour cela, nouys allons passer en revue les procédés utilisables pour atteindre les objectifs fixés,

4, PROCEDES UTILISABLES.

Les deux objectifs principaux sont :
- une augmentation du débit au décollage de 50 % au moins par rapport au moteur de base monoflux,
- une diminution de la vitesse d'éjection au décollage de 20 % au moins par rapport au moteur de base.

Pour la clarté de l'exposé, nous étudierons séparément les procédés qul permettent d’atteindre chacun
de ces objectifs. Cette séparation est artificlelle, car un m@ma dispositif entralne simultanément une
variation du débit et de la vitesse d'éjaction.

4.1, Procédéds d'augmentation du dédbit (planche n® 4).

4.1.1. Gavage.

Ce procédd, qui consiste & placer devant le compresseur BP du moteur de base un compresseur supplé-
mantaira, neut 8tre écartdé immédijatement. En effet, le compresseur de gavage doit &tre dimaensiaonné pour
la débit total en configuration décollage, 1'objectif d'encombrement ne peut donc pas 8tre attaint,

4.1.2. Injection.

En confipuration décollage, un débit d'air supplémentaire est injscté par un ou plusieurs compres-
seurs guxiliaires entred les deux parties numérctées 1 e* 2 du compresseur BP, Le taux de compression du
compresseur | est relevé et sa garde au pompaga diminude par cette opération, réeijroque d‘'une ddcharge.
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Un tel dispositif peut étre réalisé de fagon 3 ne pas dépasser le malitre couple & l'entrée du
comprasseur 1 en plagant les compresseurs d'injection au niveau d'une partie étroite du moteur de base.

Ce procédé employé seul ne fournit pas une augmentation de débit suffisante, cer la quantité d’air
injecté est limitée par la marge au pompage du compresseur 1.

4,1.3, Systéme série-parallsls.

Ce procédé aest basé sur l'emplol de compresseurs assurant des fonctions différentes suivant la
configuration.

L'augmentation de débit au décollage est obtenue en disposant en paralléle deux compresseurs 1 et 2
qui, dans la configuration de croisiérs, sont disposés en série. Ainsi, le compresseur 1 assure la
compression secondaire au décollage,, et le compresseur 2 assure la fonction de compresseur BP. La commu-
tation d'une configuraticn & 1'autrd néressite une vanne avec croisement de flux & débits élevés sous

faible pression, dont la réallsation est délicate et 1'encombrement important, tant en longueur qu'en
diamétre.

4.1.4, Systdmaes annexes débrayables.

Oans cue procédé, 1'accroissement de débit est fourni par un syst@me séparé, hors service en confi-
guration a8 faible débit, qui n'augmente pas le débit & 1'entrée du monoflux, et ne lul emprunte sucun
organe, mais en regoit la puissance qui lui est nécessaire.

Ce débit supplémentaire peut 8tre aspiré par une soufflante, Les puissances mises en jeu &tant trop
6levéaes pousr qu'un embrayage puisse &tre envisagé, la transmission mécanique n’est possible que si la
soutflante gst accouplée 3 un arbre monoflux qui est arrdté en configuraticen & faible débit ou encore,

sl la puissance prélevée par la soufflante peut 8tre annulée en croisidre, par un systéme de géométrie
variable sur la soufflante.

Les transmissions électrique et pneumatique peuvent &tre utilisées.

La soufflante peut 8tre intégrée a la nacelle (soufflante uniqua montée autour du moteur, ou petites
soufflantes disposées en barillet) ou escamotablse.

Enfin, l'accroissement de débit peut ainsi 8tre obtenu par des trompes alimentées par de 1'air ou
des gaz fournis par le monoflux. Un tel dispositif présente peu d'intérdt par suite de son poids, de son
encombrement, de sen niveauy de bruit interne élevé et de ses performances médiocres.

4.2, Procédés utilisables pour diminusr 1a vitssse d'éjection.

On peut agir au niveau du cycle du moteur de base ou au niveau du jet.

4.2.1. Modification du cycle du moteur de base.

On peut diminuer 1'énergie disponible aprés les turbines en diminuant la pression dans 'a chambre
de combustion. Ce procédé peut rarement &tre employé seul, 11 entralne une dégradation du rendement du
cycle. On peut aussi augmenter le taux de détente des turbines :

- en diminuant la température entrée turbine, ce qui entralre une diminution Jde la poussée,
- en diminuant le rapport débit des turbines/ débit des compresseurs, soit par prélevement d'air, ce qui
diminue également la poussée, soit en augmentant le débit des compresseurs,

en prélevant de la puissance sur les arbres par un systéme débrayable. Ce procéde peut s'employer seul,
sans modifier la partie amont du cycle.

Les premiers procédés, baisse de pression chambre, baisse de température, diminution du deébit
détendu, interviennent simyitanément sans qu'il soit possible de les séparer. sauf si on introduit des
géométries variables sur les distributeurs de turbine.

4.2.2. Prélévement de puissance sur le jet.

On peut prélever cette pulssance soit sous forme de chaleu:, soit sous forme d'énergie mécamique.

Le prélévement de chaleur ne peut se faire que par un échangeur. Un tel dispositif est lourd et
encambrant, induit des pertes de charge importantes et ne permet qu'un prélévement d'énergle modéréd
sous une forme difficilement utilisable.

Le prélevement d'énergle mécanique peut se faire :

~ par une turbine. Cette turbine doit pouvoir &tre mise hors service. La solution consistant & la retirer
de la veine est pratiquement {rréalisable. La solution consistant & la rendre tranaparente est diffi-
cilement réalisable. ecar elle impliqua une géométrie variable non seulement sur les distributeurs, mais
aussi s.1 les aubes mobiles, De plus, les pertes de charge seralent Importantes.

- par un systéme magnatohydrodynamique. Ce systéme seralt lourd et d'un rendement médiocre.
- par uyne trompe.

L'énergle est ainsi communiqués directement & un autre flux, mais avee un mayvals rendement. fe
plus, la masse et l‘'encombremant d'un tel systéme sont inacceptables.
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Nous allons maintenant illustrer 1'utilisation des procédés qui viennent d'8tre décrits par des

exemples de moteurs & cycle variable envisagés jusqu’'a ce jour par nos concurrents, les avionneurs et
par la S.N.E.C.M.A.

5.1. Applications du procédé série-paralléle.

5.1.1. Le systdme proposé par ROCKWELL (planche 5) constitue une solution intermédiaire entre une combi-
naison de moteurs monoflux et double flux totalement indépendarts et des systémes plus intégrés,

Il est composé d'un moteur double flux double corps classique et de plusieurs moteurs monoflux
monocorps identiques disposés autour du double flux,

En croisidre supersonique, les monoflux sont alimentés par la soufflante, ls systeme se comporte
alors comme un ensemble de deux cycles monoflux couplés entre eux par un échange de puissance.

Au décollage, les motsurs périphériques sont alimentés par des entrées d'air latéreles et la squf-

flante du double flux débite dons une tuyérs séparés. Le systéme se comporte alors comme l'ensemble d'un
double flux et d'un simple flux indépendants.

En croisiare subsonique, le moteur double flux est utilisé seul, ce qui procure une excellente
consommation spécifique.

L’augmentation de débit obtenus au décollage est d’autant plus modérée que la commutation <érie-
paralléle n’est effectués que sur le flux sscondaire du double flux. La diminution de la puissance

thermique dans 1l'ensemble des chambres est elle aussi assez faible, puisque le dégavage n'affecte que les
moteurs périphériques.

Le cycle obtenu en croisidre correspond a une poussée spécifique &levés, donc & une trainée de
rwcelle acceptable si 1'ensemble ne dépasse pas le maftre couple & l'entréea de la soufflante. Mdme en
optimisant le cycle en croisidre, ce qui n'est pas facile puisqu'il dépend de six paramdtres indépendants,
la consommation spécifique en croisidre est supérieure de 2 3 3 % a celle de 1'OLYM’US.

5.1.2. Sur le méme principe, la S.N.E.C.M.A, a étudié la configuration représentée sur la planche 6, dans
laquelle un moteur simple flux unique entoure le moteur double flux central.

Les paliers posant les mémes probldmes que pour les systémes de la planche 4.

5.1.3. La planche 7 montre 1'application du procédé série-paralldle proposé par BOEING sur un moteur
monoflux.

En croisieére, le moteur foncticnne en monoflux double corps,

Aux basses vitesses, une partie du compresseur BP est utilisée comme soufflante, l'djection se faisant

par des tuyéres disposées autour de la nacella. La deuxiéme partie du compresseur BP est alimentée par des
entrées d'air latérales.

£n plus du probléme d'encombrement posé par croisemant des flux, le dégavage du flux primaire diminue
la poussée réalisable au decollage.

S5.1.4. Pour pallier cet inconvénient, PRATT & WHITNEY applique ce m@me principe au flux secondaire d'un
motaur Jdouble flux (planche 8). ('arbre BP porte deux soufflantes sépareées.

Dans la configuration croisiére double flux, le flux secondalre est comprimé successivement par
chacune des deux soufflantes,

Uans la configuration adécollage, triple flux, le flux comprimé par la premiére soyfflante ast éjecteé
par des tyyéres latérales, la secounde soufflante est allmentée par des antrées d'alr suppiémentaires.

Llaugmentation de Jébit ne porte que s.t le flux secondalre. Le cycle de croisiére supersonlque est
o cytie Jouble flux ;{1 faut domc utiliser la chauffe du flux frold pour rétablir une poussée spécifi-
Juo @ilevee, cecl au gétriment de la cunsomnation spécifique.

Lede Moteors 3 @Bl gupsmente par un Systéfw anhexe JéDlayable,

Sus e bosfflantes maes par un prélévement sub le et

ca planche 9 “ontie Lne étude SONGECOMIAL @' oo motaur Jérivé ae 1'OLYMPUS vans lequel 1'accrotis-
sefient Ju 2eblt au décollage est obtenu par le petites turboscuf¥lantues Jispesédes aulolr du vaeral de
rechanfte, ailmentaes par ur prélevement Je gaz verriére les turdines.

ca tertldinte enculGlement conduit a limiter le prélévement g'énergle 3 une partie Jdu agapit fourng
par e génératenf.,
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Avec un préldvement de l'ordre de 30 %, on peut entrainer des soufflentes de taux de compression de ‘5
1'ordre de 1,8 3 2 et réaliser un taux de dilution de 0,5 A 0,6, ce qui permet de ne pas utiliser la
rdchauffe au décollage. Toutefols, i1 reste un jet primaire rapide, donc hruyant.

5.2.2. Transmission pneumatique.

Les soufflantes sont entralndes par des turbines alimentées en air comprimé par le moteur do Lase.
Les turbosoufflantes peuvent 8tre indifféremment montdes dans la nacelle (soufflante unique montée autour
d'une partie étroite du générateur ou petites turboscufflantes disposéas en barillet) ou hors da ls nacelle
at rétractablaes dans une partie de 1'avion.

Le principal probldme réside dans le comportemaent du générateur hors adaptation at son aptitude 3
fonctlionner avec un prélavement d'air important. De plus, le préldvement d'air taend A diminuer la pousaée
féalisable au décollaga.

La planche 10 montre un des systdmes dtudids par la S.N.E.C.M.A. avec prélévemant d'air 3 1a sortie
du comprasseur HP.

Sur ce générateur monoflux double corps, pour éviter la désadaptation des compresseurs, ie préla-
vement d’air est permanent.

; S En configuration croisidre supersonique, cae prélévamant alimente une chambre de combustion secondaire
A i 9t une turbine accouplée A l'arbre B8P, puis eat mélangé avec le flux principal.

-~

Au décollage, cette chambre ot caette turtine sont mises hors sarvice et le praldvemant d'air alimenta
- R les turbosoufflantaes.

Les performances en croisitre sont détériordes par les pertes de charge dans le cycle secondaire.

M > 6.  CONCLUSIONS.

fi 3 Ces quelyues axemples constituent daes tentatives plus ou moina heurgusas en vua de sa rapprocher du
E moteur 3 cycle variable idéal, tal que nous l'avons défini.

Nous avons montré qu'il y avait des exigences d'encombrement et de parformances au décollage et en
croisiére, qui rendent ic probldme trds difficile A résoudre. Toutefois, %l convient de signaler que les
critéres qui determinent le choix d'un moteur dépendant de la mission de l’appareil, en particulier de la E
vitesse de croisidre. 4

7
- e

Les problémes d'aérodynamique externe sont plus difficilas A Mach 2 qu'a Mach 2,7, car la section de
captation de 1l'entrée d’air est plus faible. De mdme, l'utilisation de la réchauffe ou de la chauffe du R
flux froid est moins pénalisante en ccnsommation spécifique quand la vitesse de croisidre augmente. 4
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Dans tous les cas, la contrainte encomborement {mpose des configurations trés complexes avec plusisurs
compresseurs 8P intégrés dans ls mdme nacelle. fonctionrant simultanément ou non, suivant les conditions
de vol.

En plus des difficultés évidentes d'installatiom, 11 en résulte également des difficultés de fanc-
tionnement au niveau de la conception mé@me, car {1 faut imaginer un systime procurant yng grande souplesse
dans l'utilisation de la puissance produite par le moteur de base.

ot

11 est souhaitable de rechercher des composants dont les caractéristiques solent sati{sfaisantes dans L
un large domaine de fonctionnement, notamment par l'utilisation de géométries variables sur les compres-
seurs oy les turbines, ce qui accroft encore la complexité.

E »% Nous avens egalement définl les prineipes d’augmentation de débit ou de prélévement de puissance e
E [ utilisables dont Aous n'avens pas épuisé toutes les applicatioms. [l faudra encare dépleyer beaucaup A
f x a*imagination et d'inveation avant d'aboutir & des sclutions réalisables pratiguement. E
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DISCUSSION

E.A.Willis
Have you estimated the weight of these engines and their performance over the full flight spectrum?

Author’s Reply
Non. Pour 'instant nous n’avons fait que des études portant sur les performances. Il s’agit uniquement d'études
théoriques et d’études thermodynamiques dans les différents cas de vol.

E.A Willis
Do the thermodynamics studies include off-design as well as point design considerations?

Author’s Reply
Nous cherchons d obtenir des performances a niveau de poussée donné en croisiére, au décollage, et en transsonique,

¢t dans chaque cas de vol nous cherchons & optimiser égalcment les consommations spécifigues, enfin surtout pour
les croisiéres.

J.F.Chevalier
Je prends la parole, Il est dommage que Mr Willis n’ait pas pu lire la totalité de son texte dans lequel il y avait un
chapitre que expliquait que le moteur, qui doit avoir obligatoirement deux compresseurs BP d’aprés Mr Menioux, a
été abandonné pour diverses considérations. Il serait apparu qu’une différence essentielle entre les deux études est la
différence du nombre de Mach de croisiére. Je crois que si Monsieur Menioux pouvait, pour la Table Ronde par
exemple, refaire approximativement sa planche No 2 qui était la base de sa démonstration, pour le cas de Mach 3, il
pourrait peut-étre faire apparaitre les différences liées aux deux applications. Croyez-vous, Monsieur Menioux que
¢’est possible?

Author’s Reply
Non.

J.F Chevalier
Dommage!

H.Grieb
In figures 7 and 8 you described engine arrangements with two compressors working both *“in series” and “in para-
llel” as well. During the switch from the mode “in series” to the mode ““in parallel”, the pressure level in the rear
compressors drops, i.e. the fluid within this compressor temporarily tries to flow in forward and rearward directions.
This may cause surge of the rear compressor. Can you give a comment on this matter?

Author’s Reply
Effectivement, il s’agit d’un probléme trés délicat. La configuration représentée sur la page 8 nécessite effectivement
un systéme de croisement des flux avec une vanne permettant de passer d'une configuration 4 I'autre; mais ce
probléme a déja été résolu par Boeing.

H.Grieb
Yes, the reason for my question is when you come from operation in series to operation in parallel, you have
changed in the first case HP compressor to a low pressure level and you open an area in front of the HP compressor
to a region where the pressure is lower. This could be a problem.

Author’s Reply
Non, nous avons fait des études purement théoriques, je ne suis pas en mesure de répondre.
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VARIABLE-CYCLE ENGINES FOR SUPERSONIC CRUISE AIRCRAFT

by
Edward Willis
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio #4135

SUMMARY

Since 1973, tne NASA Lewis Research Center has been conducting studies of advanced
civil supersonic engines, including Variable Cycle Engines or VCE's, as one part of the
Supersonic Crulse Aircraft Research (SCAR) program. This paper reviews the progress and
current status of the engine study work to date.

VCE rationale is first reviewed. It is pointed out that the VCE is a possible means
of reconciling the necessary but sometimes contradictory performance, economic and en-
vironmental requirements that apply to modern supersonic-cruise aireraft. Early experi-
ences showed, however, that VCE's may be excessively complex, heavy and expensive unless
significant technology advances are accomplished. The S(AR engine studies were, there-
fore, designed to identify the most promising VCE concep- 8, simplify thelr designs to a
more practical state, and define their advanced technolcsy requirements.

The studies were conducted primarily via contracts, supplemented by a lesser amount
of NASA in-house work. Initial efforts Involved analyzing, optimistically but in little
depth, a large variety of VCE concepts. In subsequent phases, a progressively-greater
depth of analysis was applied to a decreasing number of surviving candidates. The line
of development leading from initial to final concepts 1s reviewed with emphasis on the
dual impact of technology advancements and design simplification. The presently-favored
VCE's (two P&W concepts derived from a duct-burning turbofan and two GE engines based on
a mixed-flow turbofan) are then reviewed. It is shown that all have benefitted signifi-
cantly from recent SCAR technolcgy advances, such as the "co-annular noise benefit"
effect. The impact of each technology area is discussed., It is also shown that these
simplified VCE cycles and technology advances, taken together, offer major performance,
economlc and environmental improvements relative to the 1970 U.S. SST predictions.

It 1s concluded that final cholces among the current VCE candidates will depend on
application and installation factors as well as further engine study/design and technology
efforts. NASA's tentative plans in these latter respects are reviewed in the final sec-
tion of the paper.

INTRODUCTION

Since early 1973, the NASA and 1ts Contractors have been conducting studles of ad-
vanced supersonlc Varlable Cycle Engines (VCE's) as part of the Supersonic Cruise Airecraft
Research (SCAR) program. This paper surveys the progress and current status of recent,
unclassified engine study work.

Technical, economic and environmental problems were sources of major concern which
eventually led to the cancellation of the U.S, SST program in 1970. Major environmental
concerns were primarily focussed upon the ngine's noise and exhaust emissions, as 11-
lustrated in Fig. 1. Other technical and economic problems were attributable partly to
the propulsion system and partly to the airplane. These resulted in excessive welight
and cost of the airplane, tcz.other with high fuel consumption and inadequate range.
Consequently, this airplane would have been unable to serve many of the economically
desirable city palr combinations. These factors weuld have caused the airplane to be
costly to operate and to offer a relatively poor return on its investment. Inflation
together with recent increases in the price of fuel would have made the situation even
worse today.

The one unmistakable lesson to be learned from this experience is that any future
U.S8. civil supersonic airplane must be environmentally acceptable and economically
viable, The sometimes-conflicting requirements of economic viability and environmental
acceptabllity create major problems for the propulsion system. Their practical engl-
neering solutions entail essentially contradictory design trende, e.g., high bypass vs.
low bypass. Unfortunately we cannot turn to contemporaty engines for relief. The U.S.
J58 and J93, although capable of cruising at Mach 3 or above, are relatively old designs
and are not sultable for an advancel supersonic transpert. Modern U.S, military engines
such as the F100, J10l, and F101 wure essentially designed for sustained subsonic cruise
efficiency with only a high Mach number dash capability. Their performance and service
life characteristics for sustailned supersonic crulse would be unacceptable for the
appli:ations envisioned now.

There are many ways to build a VCE and, as a matter of histoerical interest, some of
the early ideas are described in refs. 1 & 2. For this discussion, however, a VCE is best
defined by what it does rather than how 1t is built. Functionally, it is an engine which
accommodates at least two distinct modes of operation: (1) a high airflow, low Jet-
veloclty mode for low noise takeoff and/or efficient subsonic cruise; and (2) a turbojet~
like, higher jet velocity, lower airflow mode for good supersonic cruise.

et



In more technical terms, the motivation for this "turbofan-convertible- to-turbojet"
definition may be understood by reference to Fig. 2. There, weight and cruise-SFC trends
for conventional supersonic engines are prese, ted in terms of bypass ratio. Clearly,
both weight and subsonic fuel economy favor a falrly high bypass ratio, about 1.5 (turbo-
fan mode). Supersonic cruilse on the other hand calls for a low bypass engine, 0.3 or be-
low when fuel economy is considered, but this 1s tempered somewhat by the adverse welight
trend. With a conventional engine, a compromise bypass ratio (usually in the 0.5 tc 1.5
range, depending on the subsonic/supersonic mission mix) must be chosen, which is not
really optimum for either requirement. The rationale for a VCE, then, is its potentia)
abllity to give use a better compromise. For this reason, the SCAR propulsion program
was oriented to include VCE concepts and related technologies in addition to advanced
conventional engines. It consists of studles and related technology subprograms which,
collectively, were designed to ldentify, develop, and integrate together the technologles
needed for a successful VCE. The study phase of the program is of primary concern in
this paper.

The SCAR Propulsion studies were conducted primarily via contracts to GE and P&W,
with a major subcontract to Boeing. Early phases of the studles involved analyzing, op-
timistically but in little depth; a large variety of VCE concepts. The results showed
that VCE's may be prohibitively complex, heavy and expensive unless significant design
and technology advances are accomplished. The final phases were, therefore, intended to
identify, refine and compare the most promising VCE concepts, simplify thelr designs to-
ward practicality and define their advanced technology requirements. The presently-
favored and runner-up engines (a P&W advanced duct-burning turbofan, a PIW valved deriva-
tive of the duct-burner and two GE engines based on a mixed-flow turbofan) are first re-
viewed. Their performance in typlcal advanced supersonic transport airframes 1s then
compared to that provided by first-generation SST engines. The impact of each major tech-
nology area 1s discussed and the technology needs of the preferred englnes are reviewed.

The final fate of the VCE idea will depend on application and Installation factors,
further engine design and technology efforts, and the possible emergence of even more
attractive VCE cycles from continuing studies. Future issues, options, and potential
progran plans in these areas are briefly reviewed in the final sectlon of the paper.

THE SUPERSONIC CRUISE AIRCRAFT RESEARCH PROGRAM

The NASA Supersonic Cruise Alrcraft Research (SCAR) program was instituted in early
1973 and is expected to continue into the 1980's. 1In contrast to the earlier SST project,
the SCAR work 1s not aimed toward a production airplane, but rather, it 1s intended to
establish a data base of advanced technology to be available for the design of future
supersonic crulse alrcraft if and when the U.S. determines 1t is desirable to build them.
The various elements of the program are relevent in vary!ng degrees to both potential
¢ivil and military applications. Elements nf t!e program apply both to the alrplane struc-
ture and aerodynamics and to the propulsio= system; however, only the propulslon related
‘aspects will be discussed here. As shown on Fig. 3, the SCAR propulsion pregram consists
of two major, interrelated elements; namely, engine studles and technology sub-programs.
These are so structured that one supports the other. The engine studies define the ob-
Jectives and directions of research for the technology sub-programs, The results from the
technology sub-programs in turn feed back into the engine studies and regenerate them.
As indicated above, the engine studies have been conducted primarily by means of a con-
tinuing series of contracts to the Pratt & Whitney Co. (refs. 3 and 4) and the General
Electric Co. (refs. 5 and 6), with a major sub-contract between P&W and The Boelng Co.
(described in refs. U4, 7-9). Technology sub-programs involving these contractors as well
as others have been launched in the areas of noise abatement (refs. 10-13), pollutlon re-
duction (refs. 14-16), inlet stabi“4ty (ref. 17), and supporting component and material
programs (e.g., ref. 18). Referen.. 19 and 20 survey the SCAR propulsion and airplane
technology programs sponsored by the NASA Lewis and Langley Research Centers.

Before elaborating on these programs, we wo:ild like to illustrate the type of ad-
vancements are are considered possible now, based on results to date from the SCAR pro-
gram. In Fig. 4, we have plotted airplane relative gross weight vs. relative noise foot-
print area (a typical measure of nolse annoyance) for representative supersonic transport
airplanes with different kinds of engines. These are approximate results taken from
ref. 21 but are illustrative of the major trends. For reference, we have indicated on
the horizontal axis the noise annoyance factors typical of the 1970 U.S. SST {(at the
right hand part of the scale) and also of a representative wide body subsonic transport.
The performance of the 1970 technology turbojet powered airplane {5 i{llustrated by the
right hand band on the figure. As mentioned previously, this was a heavy airplane and
would have created a severe noise impact. Although the nolse impact could be decreased
by scaling the engine up in size and throttling it back for takeoff, this entails a sub-
stantial weight penalty as indicated. Thia in turn makes an already dubious economic
payoff entirely unacceptable. But by taking advantage of the technolougy breakthrough
termed the "co-annular noise reductier benefit" identifled during the SCAR propulsion
program, combined with variable cycle engine concepta to be discussed loter, it now ap-
pears that the noise annoyance due to this type of an airplane can be reduced by a large
factor compared to the 1970 U.S. SST. A less dramatic but still significant improvement
in gross weight and airplane economics is also indicated and is due to a combination of
many technology advances, in voth the propulsion and airframe areas, that are considered
poasible.
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Because of these promising developments we now feel, for the first time, that the
noise obJections that were leveled against the 1970 SST program can be met without incur-
ring prohibitive economic penalties. An equivalent statement cannot yet be made in the
exhaust emisslons area, despite the achlevement of significant improvements, because re~
alistic standards applicable to an SST do not exist at present.

Engine Studies

Let us now turn to the SCAR engine studles themselves. Beginning in 1973, the
studles have been divided into 4 distinct phases as indicated in Fig. 5. Phase 1 was
organized in such a way as to exclude no reasonable candidate engine from consideration.
Many engines were studled optimistically but in very little depth, see refs. 3 and 5.
Only those engines which were obviously unacceptable under this optimistic zpproach were
excluded from further consideration. Our deliberate intent was to give che Variable
Cycle Engine 1ts day in court. After the unpromising concepts had been screened out, a
smaller number of survivors received a more refined analysis in Phase 2 (refs. U and 6).
Four finalists survived into Phase 3 which has J t recently been completed and is as-yet
unpublished. 1In this phase a greater depth of ¢ 3lysis was accomplished and we initiated
preliminary design activitles., Based on the results, we have now tentatively identified
two engines which appear to be most promising. (Thelr margins of superiority, however,
are not overwhelmingly large; the runners-up are belng retained as backups and will also
be described.) 1In Phase Y we are initiating airframe integration activities, continuing
with preliminary design and developling a series of technology recommendations relative to
the favored engines. These provide the engine manufacturers with an opportunity to de-
fine, for NASA's consideration, what is needed in terms of future technology programs in
order to bring these paper engines into being. As 1llustrated by the arrow in the upper
right we expect that these activitles will eventually result in demonstrator engines
which will prove the concepts that are being contemplated.

Before proceeding to a discussion of the currently-favored engines, 1t seems appro-
priate to briefly review the evolution of the VCE idea and describe how it may be im-
pacted by two major technology area.

Early VCE Concepts

According to our previous definition, a VCE 1is an engine that does the right things.
The many attempts that have been made to actually design one may be broadly classified
into two generic approaches. One would rely upon valves or equivalent means to create
two or more discrete flowpatho upon demand within the same engine structure - each flow
path presumably being tailored to the flight condition at hand. The alternative approach
would rely primarily upon compcnent variablility and spool speed variations to achleve
equivalent results.

A typical early example (Pratt & Whitney, ref. 3) of the changing-flowpath approach
is shown in Fig. 6. Here a valve 18 inserted between the fan and compressor of an
otaerwise-conventional 2-shaft machine. In the "turbojet" mode, the valve 1s set in its
straight-through position. The fan and compressor flow in series, and we have in effect
a two-spool, high overall-pressure-ratio (OPR) turbojet. As such, it can provide very
good supersonic performance. In the "turbofan" mode, the valve mechanism 1s moved to
the "crossover" position suggested by the lower sketca. Fan air suppllied by the normal
inlet 18 bypassed around the compressor and into an auxiliary bypass duct. Meanwhile,
additional air from an auxiliary inlet is drawn through a second set of channels in the
valve, inte the compressor, and hence, through the combusvor and turbines. Thus, the
engine is now operating at a much higher (up to 2X) airflow than before and without aug-
mentation its jet velocity is significantly decreased. In this mode, the engine provides
a low-noise takeoff mode and potentially good subsonic SFC.

By the standards of our functional definition, this engine does the right things.
Numerous objections, however, were found upon closer examination. From an engine manu-
facturer's viewpoint, it developed that the welght and pressure-loss penalties assoclated
with the valve were significantly larger than had been expected. Since the core is de-
supercharged in the turbofan (parallel) mode, the OPR is considerabhly below the optimum
value for subsonic cruise. For the same reason a variable (and prcbably multi-stage) low-
pressure turbine would be needed to provide high relative work extraction in the turbofan
mode, and lower extraction in the turbolet mode. From the airframe point of view 1t was
observed that the requirement for an efflcient auxiliary inlet implied a major design and
development task and a significant additional installed-welight penalty (above that re-
quired to enclose the englne's greater length and dlameter). The closed-off bypass duct
also would entail a si;able base or boattall drag penalty during supersunic cruilse.

Subsequent efforts were aimed at removing or minimizing these complications. As
described in ref. 4, many alternatives involving front valves, rear valves, front and
rear valves, and improved valve concepts were evaluated iteratively by Pratt & Whitney
and Boeing. An historical review of this process is given in ref. 22, where it i3 shown
that the lessons learned alsc apply, to come degree, to more conventional engi-es. The
rear-valved VCE to be described later herein, is the latest and apparently best exauple
of this particular line of VCE evolution, but probably not its end-point.

The variable-component/variable speed approach is most attractively represented by
the Pratt & Whitney Variable Stream Control Engine. Essentlally a high-technology duct
burning turbofan incorporating scie of the component and control features discussed in
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Ref. 22, it is currently the favored P&W VCE and will be more fully described later.

Another historically-significant and perhaps more spectacular example is the General-
Electric 3-Spool Double Bypass or Modulating Airflow Engine (ref. 5) depicted in Fig. 7.
It is a representative sample of the early varlable-component approach, although there are
many others. It 1s of particular interest here because it was not only the best VCE
identified in the initial GE studies (ref. 5), but also because many of 1its characteristic
features have survived into their currently-favored, much-simplified verslon of the
Double Bypass VCE.

The design approach for this engine was to incorporate the maximum practicable amount
of turbomachinery variability into a basic duct-burning turbofan., By utilizing differ-
ential speed control among the three rotors, varlable stator geometry and properly con-
trolling the three variable nozzle exit areas, it provides (1) a high-alrflow, unaugmented
mode for low-noise takeoff; (2) a constant-airflow throttling mode for efficient subsonlc
crulse; and (3) a relatively low-bypass augmented mode for good supersonic performance.

At takeoff, the front fan block or group of stages was high flowed by means of vari-
abie geometry, speed control (i.e. speeding-up the inner spool) and opening the outer by-
pass stream's exit area. The duct burner 1s not 1it. Without using either a mechanical
suppressor or hthe "co-annular benefit" (which was unknown at the time), the Modulating
Alrflow engine was capable of meeting FAR 36 when sized to be competitive wlith a conven-
tional reference engine.

Subsonic cruise throttling is accomplished by running the inner roter at essentlally
constant speed; the front fan tlock then maintains its constant nominal airflow over a
wide range of conditions. The intermedliate and high pressure rotor speeds are varlied to
modulate the thrust. The excess air provided by the front block (above the intermediate
block's air-swallowlng capacity) passes through the outer duct to the third nozzle exit.
The duct burner is not lit. In this fashion, constant airflow could be mailntained down
to approximately 50% of maximum dry Lhrust. This provided a eignificant (~15%) improve-
ment in subsonic SFC.

At supersonic cruise, the rotor speeds and variable geometry features are moiulated
to approach turbojet operation as closely as possible. That is, the high pressure and
intermediate rotors are run at maximum speed to swallow most of the front block's airflow.
The outer nozzle meanwhile is at or near the closed position to minimize the outer bypass
flow. The core 1s run at maximum speed and is high-flowed to swallow as much as possible
of the intermediate block's alr. This reduces the bypass ratio of the duct-burner portion
of the engine and hence the need for augmentation. When run in this manner, the engine's
supersonic crulse performance was found to be within 1 or 2% of that of the reference
turbojet.

Similar measur2s applied during the mission's climb/accel segment resulted in a con-
3 - sistently good match to the inlet's flow schedule and hence fuel savings via reduction of
R - i installation drags. :

W - Thus, the 3-Rotor Double Bypass or Modulating Airflow engine al=o does everything

. required of a VCE: low noise takeoff; fuel savings subsonically and durlng the climb/
accel phase; and competitive supersonic performance. Unfortunately, these desirable
features were essentially offset by a major weight penalty (amounting to over 20,000 1bts
per airplane, when installed). Depending upon the flight Mach numbevw, the resulting alr-
;- plane's performance ranged from Just competitive to somewhat poorer. Because of the

X weight penalty together with very legitimate concerns over the engine’s complexity, the
3-rotor approach was not continued pas the Phase I SCAR studies. Instead, an effort was
made to incorporate its most desirable features into a lighter, less complex and more
conventional 2-shaft machine. The concept was retained of dividing the fan into two dis-
tinct blocks or groups of stages, with the interblock reglon venvilated by an auxiliary
bypass duct. As will be seen, this preogress in design simplification, coupled with the
technology advances discussed in the next two sections, has finally resulted in a highly
attractive TH,
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Trke Co-annular Noise Benefit

. i‘i

As previously implied, the "Co-annular Noise Benefit" effect is considered to be the
major "break through" in the SCAR propulsion technology program. Figure 8 illustrates
what 1s meant. Attention is first directed to the lower right hand corner of the figure.
. 3 In brief, it has been found that: (a) if the flow strears of a two stream coaxial nozzle
e - are so arranged that the high velocity stream i5s one ths outside and the low velocity
T stream 1s on the inside; and (bt) 4f in addition the outer nozzle has a high annular
radius ratio; then the noise produced by this arrangement is significantly lower than
wzuld be predicted for two conventional conical nozzles which individually have the same
airfiows and velocities as in the two coaxial streams. This effect was first noted by
. Pratt & Whitney during SCAR parametric acoustic testing that commenced in 1974 (refs. 10-

g 13) and was later confirmed by parallel independent testing at Generel Electric (as-yet

v unpublished). It 1s of the utmost significance for SCAR VCE concepts since these inher-
ently involve (or can be so arranged as to provide) a coaxial, high radius ratio two
stream nozzle flow configuration at takeoff.
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- i ?’ I should be noted that both the coaxial flow conflguration and the high annular
Y radius ratio are necessary to obtain the maximum benefit. The term “co-annular® is,
; §.'§ therefore, used as a reminder of this fact. )
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The rest of the chart illustrates the sideline noise produced by either conventional
or co-annular nozzles as a function of the Jet velocity averaged over the two streams.
Two bands are shown, the upper one for conventional nozzles and the lower one for co-
annular nozzles. As indicated by the vertical line, the 1970 turbojet operated at a rela-
tively high Jet velocity and created a noise signature 12 to 15 ¢B above the FAR 36 re-
quirement. This could be reduced to some degree by oversizing the engine and operating
it throttled back to lower jet velocitles for takeoff purposes., As previously mentioned,
however, this results in severe airplane weight and econumic performance penal.les; so
severe, in fact, as to be unacceptable. When a co-annular nozzle is used, on the other
hand, 1t is Immedliately seen that the noise signature is 8 to 10 dB lower than that of
the conventional model. If in addition, the engine 13 a variable cycle engine which is
capable of taking-off at reduced jet velocities without otherwise penalizing the airplane,
it may be seen that a noise signature below FAR 36 can be anticipated. The combination
of the two concepts, namely, the co-annular ngzzle and the variable cycle engine, results
in perhaps 10 - 12 dB lower noise than that of the conventional no-z e combined with the
conventlonal turbojet engine. This, 1t 1is felt, will have a decisl : impact on the en-
vironmental acceptabllity of any future SST.

The application of this revolutlonary concept to a duct-burning turbofun engine is
straightforward. The flow stream configuration is already the proper one, 1t 1is only
necessary to tailor the cycle to provide the correct veloclty and radius ratios. It is
also adaptable to some mixed-flow engines via the use of a ventilated plug nozzle of the
general type discussed 1n refs. 23-25. In essence, fan air or inlet ram air 1is ducted
to the plug by some means and exhausted from an annular slot in the afterbody. The above-
mentioned General Electric acoustical research program has shown that, depending on radius
ratlo and rlow conditions, most of the benefit 1llustrated in Fig. 4 may be achieved by
this arrangement.

Pollution - Reduction Technology

Let us now turn to the second area of environmental concern, namely, exhaust emis-
slons. Of the various emission criteria, that of high altitude cruise NOX is of greatest
concern for the supersonic transport. In Fig. 9, we illustrate the comparative perform-
ance of several combustor concepts in terms of its relative NOX emission index at super-
sonic cruilse. As indicated by the top bar, a conventional combustor such as was uced in
the 1970 SST and is sti1ll used today in current airplanes, shows the highest emission
level and is normalized tg 1.0 on this relative scale. (The normalizing factor varies
from about 20 gm/kg to 50" gm/kg depending on cycle conditions.) This may be compared to
a value of 3 gm/kg (0.16 to 0.06 relative) which ref. 26 tentatively suggests may be ap~-
propriate for the avoldance of appreciable stratospheric pollution by a future SST fleet.
The clean combustor concepts developed by Pratt & Whitney and General Electric under our
recent SCAR Experimental Clean Combustor Program (refs. 14 & 15) show relative emission
indices of approximately 0.4 to 0.5, on the same scale, in burner-rig experiments, This
level of performance could be incorporated in a new engine program starting now. Further
improvement 1s predicted for NASA's swirl can combustors and various lean combustor con-
cepts. Probably the most hopeful concepts for the future, however, are in the area of
pre-mix combustors and the catalytic combustor concept (e.g., ref. 16). NOX indlces as
low as 1 gm/kg (0.05 to 0.02 relative) have been demonstrated in small scale, idealized
laborator; experiments. But it 1s clear that a large, lengthy and probably expensive pro-
gram, including both fundamental research work and applied development, will be required
to translate these promising concepts into reality. Assuming that the necessary programs
will be forthcoming, we anticipate that relative values as low as 0.25 may eventually be
attainable in practical engines. (Absolute levels of course will also depend upon the
specific cycles chosen.) It should be recognlzed, however, that this involves our enter-
ing a new and relatively unknown area of technology, and this has yet to be done in a
serlous way. The above estimates are therefore uncertaln, as are the projected require-
ments; elther or both may change significantly in the future,

Although NOX emissions ars most critical for an SST, it must be recognized that
local (airport-area) emissions must also be environmentally acceptable. It is belleved,
however, that all of the advanced technology primary burner concepts would be capable of
meetving the "proposed" standards for future SST's.

This 18 not necessarily the case for augmentors, however. The sea:-h for a locally-
acceptable augmentor will again require us to enter an uncharted technology area.

CURRENT VCE's

Having reviewed early VCE concepts and two major impacting technology area, it is
now appropriate to turn to the currently favored VCE's themselves. These "paper" engines
are the "final product" of the SCAR englne studies. Further, more refined def‘nitions of
these engines must awalt the outcome of hardware oriented programs.

Pratt & Whitney Concepts

The currently-favored .ratt & Whitney VCE is illustrated in Fig. 10. This Varlable
Stream Control Engine (VSCE) has the flow path of a conventional duct burning turbofsan.
But it incorporatss an unique main combustor power schedule and makes extonsive use of
rotor speed control and variable geometry in the fan, compressor, primary nozzle, and
secondary nozzle tvo control its operating bypass ratlo. 3ecause of this capabllity, the
VSCE qualifies to be termed a varladble cycle engine, Yet it 1s of striking simplicity in
comparison with the approaches illustrated previously 'n Figs. 6 and 7.




Under subsonic cruise conditions the duct burner is not 1it. The engine then 1s pre-
c¢lsely a conventional separate flow medium bypass turbofan engine (bypass =~ 1.5) and it
provides relatively good subsonic cruise performance.

For takeorf, acceleration and supersonic cruise, however, additional thrust is re-
quired. This 1s obtained by lighting the duct burner, During takeoff, the additional
energy supplied by the duct burner results in higher velocity in the nozzle's outer annu-
lar stream. But the additional noise¢ implied by this condition 1s offset by the co-
annular nolse reduction benefit that was discussed earlier. Thus, the engine, when taking
off, should sound more like a conventional turbofan engine than like a high-performance
supersonic engine. During supersonic cruilse operation the core¢ 1s speeded up by increas-
ing the temperature in the main combustor and by manipulating variable geometry features.
Thereby, the bypass ratio 1s decreased and the need for augmentation 1s decreased, result-
ing in specific fuel consumption approaching that of a well designed turbojet engine.

The second Pratt & Whitney VCE is depicted in Fig. 11, This Rear Valve VCE (VCE-
112C) 1is derived from the duct burning turbofan through the sddition of a mixer/crossover
valve followed by an additi,nal aft turbine stage - both located downstream of the normal
LPT. The VCE-112C has two distinct operating modes depending on the valve posicion. For
takeoff, acceleration and supersonic cruise, the valve is in the "crossover" position.
T.e., core alr bypasses around the aft turbine and exits through the outer annulus of the
nozzle. Thus, the core cycle 1is that of a turbojet.

The fan air meanwhile passes through the duct burner (which 1s 1it), and is directed
by the crossover valve into the aft turbine, where a significant amount of energy is ex-
tracted to help drive the LP system. The fan air's cycle 1s also that of a turbojet; .
hence, this mode of operation is referred to as the "twin-turbojlet mode." Its supersonic i
performance, however, is not qulte as favorable as this name implies, because neither :
"turbojet" cycle is of the optimum pressure ratio and because of pressure losses and
weight/volume penaltles due to the valve and aft turbine. Its advantages are relatively
low weight (due to the high "bypass™ ratlo of about 2.5) and an advantageously-shaped
supersonic throttle curve. I.e., since the duct burner is upstream of a turbine stage,
high augmentations can be accomplished for significantly less SFC penalty than in the
VSCE's case. The resulting "flat" throttle curve in turn provides the airplane designer
with additional flexibllity in terms of engine sizing.

Subsonically, the valve is in the "mix" position and the duct burrer is not 1lit.
Thie combined fan and core streams pass through the aft turbine., The corrected flow is
about the same as that provided by the augmented fan stream alone in the supersonic twin-
turbojet mode. The aft turbine, however, extracts relatively little power. The engine
thus behaves as 1if 1t were a conventional mixed flow turbofan for subsonie cruise.

A major disadvantage of the VCE-112C is that the earlier-discussed coannular noise
benefit may not apply fully. That is, the nozzle's central stream at takeoff (which
originated in the duct burner) is relatively large and of high velocity compared to that
of the VSCE. There is hence a core jJet nolse "floor" whizh will probably limit the co-
annular benefit to no more than 50% of that shown in Fig. 5.

A third Pratt & Whitney engine of interest (but not illustrated herein) is a modern-
ized conventional mixed flow turbofan with a relatively low (0.U4) bypass ratio known as
LBE-430. Although lacking obvious VCE features such as valves or coaxial flow streams,
it incorporates the identical general technology assumptions (materials, temperatures,
component efficiencies, stresses, cooling techniques, etc.) that were built-into the
Pratt & Whitney VCE's. It also utilizes rotor speed control and variable geometry fea-
tures (to the extent posribls) as in the VSCE-502B, to maintain a degree of control over
the operating bypass ratio. As will be seen later, 1t provides excellent performance at
low airflow sizes if noise constraints are ignored. Unfortunately, the coannular benefit
does not ap, v to this engine in its present form. Hence, this sngine, alone among those
considered herein, would require either the use of a machanical nolse suppressor (with
its attendant risks and penalties) or a greatly-oversized engine for throttled-back take-
off. It 1s a useful yardstick, however, for evaluating the merits of the coaxlal-strean
VCE concepts.

General Electric Concepts

The other preferred VCE concept is the General Electric Double Bypass Engine (DBE)
shown in Fig. 12. Like the Pratt & Whitney engine, it 1s designed to take full advantage
of the annylar/coannular nolse benefit, clean primary burners and augmentors, advanced
materials and other SCAR technology developments, But where the Pratt & Whitney engine
originated as a duct burning turbofan, the double bypass engine is derived from a con-
ventional mixed flow turbofan by adding features from the 3~rotoe engine previously
discussed.

The low bypsss mixed flow engine can provide excellent supe:sonic performance, but
13 prone to be excessively heavy when 1ts airflow is sized for low noise takeo”f, As
with all conventional turbofans, it also suffera from a significant throttle dependent
drag penalty at part power subscnic cruise because airflow decreases along with thrust
when the engine is throttled back. To offset these penalties, the double bypass engine
provides a temporary high airflow mode for low noise takeoff and the capability to
throttle at constant airflow for part power subsonic crulse.
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As the figure suggests, this 1s physically accomplished by dividing the fan into two
distinct blocks or groups of stages, and providing an auxiliary duct leading from the in-
terblock region. The resulting flow path 1s similar to that of the 3-rctor engine, but
major progress in design simplification has been achieved - as may be inferred by compar-
ing Fig. 12 with Fig. 7. Although not 1llustrated here, some of the auxiliary flow can
discharge into the plug and exit from the aft surface through an annular slot. This pro-

vides the flow configuration and geometr; needed to obtain the coannular noise benefit
discussed earlier,

Three distinct operating modes may be recogrized, depending on the fan block flow
settings and whether the auxiliary duct is open or closed.

* In the low nolse takeoff mode, the auxillary duct is open, the front fan block is in
its high flow setting, the core is operated at maximum takeoff power, and maximum energy
is extracted by the low pressure turbine. The tallpipe heater is not 1it. In this node,
the double bypass engine provides thrust, alrflow and Jet velocity characteristics that
would be typical of a larger but throttled back conventional engine, or a higher bypass
engine. Note, however, that only the front block is high flowed. Hence, there is sig-
nificant weight savings compared to an equal noise conventlonal engine. The combination

of lower nmean Jet veloclity with the coannular nolse beneflt results in an englne that 1s
remarkably quiet for its power.

For part power subsonic cruise, the auxilliary duct 1s again open, and passes the ex-
cess airflow provided by the front block. In this fashion, a wide range of throttling
may be accomplished at constant airflow, thereby eliminating ¢r minimizing spillage, boat-
tail, and other throttle dependent drags.

In the high power mede for climb, acceleration and supersonic crulse, the auxiliary
duct 1s closed, the core i1s at or near maximum continuous power, and the tallpipe heater
is used as needed. In this mnde, the double vypass cycle 1is ldentical to that of the con-
ventlonal low bypass engine, and offers essentlally the same perrormance.

A second General Electric VCE of potential interest is the Dual Cycle Engine or DCE
(not illustrated herein). It 1s also a derivative of the low-bypass mixed flow turbofan,
but in thls case a relatively simple one. As its name implies 1t has two modes f
operation - mixed flow and separate flow. The conventional mixed flow mode is used for
climb, acceleration and supersonic crulse. For takeoff or subsonic crulse, the bypass
stream 1s diverted from the normal mixer and instead exits through a separate nozzle open-
ing. This allows the engine to throttle at constant airflow over a range about midway
between the canventional turbofan and the DBE. Since the separated bypass flow could also
be led to the plug as 1n the DBE, the coannular benefit 1s belleved to be applicable. As

will be seen, this less-complex VCE 1s fairly attractive at small airflows but is of less
interest in a high-airflow, low nolse setting.

ENGINE COMPARISONS

Experience has taught that the engilne and airplane cannot be created in a vacuum,
that is, developed separately from each other. The intent of engine and airplane studies
hag been to cause innovation by identifying problems in missions, installatlons, engine
technical constraints, and finally alrcraft performance and range. Figure 13 shows the
flow-path of the studies conducted under the SCAR program; ref. 27 elaborates upon the
method of analysis and presents some preliminary NASA results., We have demonstrated sig-
nificant progress by this approach. Subsequent charts will show that both the Pratt &
Whitney and General Electric engines have improved sigrificantly as the SCAR studles pro-
gres‘ed. In each case, the engine concepts have changed significantly, driven at least
in part by the airplane requirements. It will be recalled that at the start of the englne
studles, there were many engine concepts; but in all cases the requirements have tended
towards variable cycle engine concepts as the best overall solution.

Pratt & Whitney Results

The performance of the Pratt & Whitney engines is 1llustrated in Fig. 14, Here we
have plotted total range as a function of engine corrected airflow. For reference, the
lower curve labelled "CTJ" shows the performance obtained by a hypothetical current-
technology turbojet engine. The alrframe, in this case, 18 representative of modern NASA
and contractor thinking derivea from the SCAR program. It is an arrow=wing configuration
welghing approximately 700,000 pounds at takeoff and would carry 275 to 300 passengers
over ranges up to 4,000 or 4,500 nautical miles. The curve labelled "LBE-4308" 1s for the
modern Pratt & Whitney conventional low bypass mixed-flow engine which embodies SCAR tech-
nology advances, but no variable cycle erngine features. It reppresents a major advance
over the early engine. In unguppresasd form (the dashed curve) it would appea» *o be a
“winner® at low airflows, but ia less attractive at high airflows. Unforturately, this
engine in its present form would require a mechanical 2ound svppressor; ite suppressed
performance 1llustrated by the solid curve, is significantly degraded., Illustrated next
18 the performance of the variable stream control engine, VSCE-502B. Clearly, it provides
excellent performance even at low engine airflows., Its malor advantage, however, oceurs
at higher airflox levels that correspond teo lower nolse performance. Filnally, the rear
valve VCE-112C 1s also fairly competitive at low airflows dbut lesa attractive in larger
gizes. A3 previously mentioned, this engine because of its inherent cyecle and nozzle
geometry characteristics does not recelve the full coannular nolgse benefit. It therefore
13 less attractive than the curve night suggest for civil uses. For other adpplications,
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howe:er, or 1f a solution to this problem 1s found, 1t could well meprit further conside
eration.

The overall results are summarized in bar chart form on the other part of the figure.
Here we have shown the range obtainable for several different engines as a function of
sideline noise (estimated by the simplified methods of ref. 27) and takeoff field length
constraints. The results are shown for a long and short field length and for noise levels
of FAR 36 and FAR 36 minus 5. For ease of comparison, both the early turbojet and the LBE-
430 have been credited with a mechanical suppressor which confers a 8-dB nolse reduction
(about the same level as obtalned via the coannular benefit). In both cases it is clear :
that the SCAR conventional engine represents a significant advance over the early turbojet ;
and that the variable stream control engine, the prefered P&W VCE, represents a further
advance over the modern conventional engine at airflows corresponding toc low takecff noise.

General Electric Results i

Similar results for the General Electric engines are illustrated in Fig. 15. Here
are plotted the total range as a function of corrected airflow for the 1970 GE-4 SST
engine, for the UE Dual Cycle Engine (which, but for its presumed abllity to use a co~-
annular nozzle, is essentially a modernized low bypass mixed flow turbofan engine) and
for the Double Bypass Engine. Again for ease of comparison, the GE~-4 is credited with an
8 dB high-performance suppressor, while the two VCE's presumably receive about the same
benefit from the coannular effecc. As was the case with Pratt & Whitney engines it 1is
clear that the modernized turbofan or Dual Cycle engine has achieved a significant im-
provement over the 1970 SST engine, but the Double Bypass engine in turn represents a
majJor further advance - especlally in the high airflow regime which corresponds to low
takeoff nolse. The bar chart in this figure illustrates exactly the same trends. Range
again 1s shown for long and short takeoff field leng:ihi and for FAR 36 sideline noise and
PAR 3f minus 5Db. Noise 1is again computed by the simplified NASA method of rei. 27, in-
dividual contractor's estimates may vary somewhat. It is clearly evident that the Double
Bypass variable cycle engine represents the major advance, although the Dual Cycle is
fairly competitive at the lower airflows that correspond to greater fleld lengths and
higher noise.

TECHNOLOGY REQUIREMENTS AND PROGRAMS

Mentioned earl’.er was the fact that one abjective of the SCAR engine studies was to
define the technology requirements for making these paper engines real. Figure 16 is a
summary of the major technology recommendations presented by Pratt & Whitney and General
Electric. Clearly needed are quiet coannular nozzles, underlined on the figure because
they are not only critically needed but are unique comments for these engines and not
likely to be developed under other programs. In the same category is the low emmissions,
efficlent duct burner which is characteristic of the Pratt & Whiiney engines alone. Also
needed are varlable geometry fans, ilow control valves, advanced low pressure turbines
and advonced inlets. There is a major need for low-emmissions primary burners as well as
for advancement in hot section technology in general. As previocusly mentioned, the
favored engines obtain improved supersonic performance by increasing the primary burner
temperature and speeding up the core as the engine accelerates toward supersonic cruise
operation. A consequence of this inverted temperature profile, is an inverted duty cycle
in which the engines must spend perhaps 80% of their life times operating at or near the
maximum pogsible turbine inlet temperature. By comparison, a conventlional subsonic engine
would take off at maximum temperature and then throttle back several hundred degrees when
it reaches crulse conditions. Thus, advanced cooling techniques and advanced high temper-
ature materials are of the greatest importance in these engines. Finally, because of the
engines' many adjustable features that must de continuously monitored and controlled in
flight for safe and efficlent operation, there 135 also a need for advanced digital elec~-
tronic controls as indicated.

To address some of these needs, NASA has instituted test bed engine programs with
both Pratt & Whitney and General Electrie. The current program 1s sustere and i3 rela-
tively slow paced. The baalc Pratt & Whitney test item 13 a rear end azsembly comprising
& duct burner and a coannular nezzle. In lieu of a large facility air supply. thiz as-
sembly will be driven by an F100 engine rematched to approach the Variable Stream Control
Engine cycle. The duet burner conflguration will be selected on the basis of an analytieal
screening study followed by segmenterig tests of the most promising configurations, before
the doller=plate burner 13 asgsemdled. Similarly, the quiet coannular noszle will be eval-
uated by means of acrodynamic performance and acoustic model tests defore the boller-plate
nozzle 15 conatructed.
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NASA 1s also addressing the General Electric technology rneeds by a test bed engine
program. This ig belng closely coordinated with military programs invelving related con-
cepts. Following parallel logic with the Pratt § Whitney work, an existing military en~
gine (J-101 derivative) will be uged as an air supply to test a new aft-end assemdly in-
corporating a quiet ceannular nozzle. The military demonstrator includea or can be made
to aimulate some but mot all of the desirabie Double Bypass features identified by the
SCAR studlies. It can be rematched to provide an excellent simulation of the selected eyele
at takeoff conditiong, and a more limited simulation at other conditions. The design of .
the quiet nozele will be eatablished by further analysls and serocsacoustic model tgscs bee !
fore the full-gized asoemdly 18 constructed. In addition, 3 new variable geametry front )
fan will be rig tested separately from the engine/mozzle test. The fan rig test assemdly §
will be sized to be compai.ible with a future, more advanied testbed engine eadbodyling all H
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significant features of the Double Bypass Engine concept.,

In summary, the presently planned testhed programs will accomplish several objectives;
namely, to test for each company - General Electric and Pratt & Whitney - the two most
eritical, most unique technology requirements identified by their SCAR engine studies. At
Pratt & Whitney this comprises a clean, efficient duct burner and a quiet coannular nozzle.
For General Electric 1t includes a variable-flow front fan dblock and a quist annular noze-
2le, It is emphasized that these 2re critical items, unique to the favorad engines, and
not likely to be developed elsewh:re, Hopefully, additional needs appearing 3n Fig, 16
will be at least partially addressed by other NASA or military programs. If not, a size-
able augmentation of the testbed and related SCAR programs may be necessary in the futwse.

CONCLUDING REMARKS

At this point, we have reviewed the evolution of two groups of VCE concepts and shown
hcw they have been favorably impacted by design aimplification ard by technology advance-
ments in many areas - particularly in the area of acoustics. Parallel advancements have
been achlieved in the alrframe area by other parts of the SCAR program.

What is the overall payoff from these developments? 1In Fig. 17 is shown a plot of
subsonic mission leg length versus the airplane's total range capability. Soeveral rcity-
pair combinations of economic interest are spotted on the figure, The line at the left
indicates the estimated performance of the 1970 United States SST at one point near the
close of that program. The nearly vertical band at the right indicates the performance
now predicted for an advanced supersonic transport ueing variable cycle engine concepts
and taking advantage c¢f the SCAR technology advancements that have been discussed. As
indicated by the arrows between the lines, these advancements are due to improved engine
technology, aerodvnamic and s€ructural technology advances and the variable cycle corcepts.
Clearly, a major lmzrovement in the airplane's ability to serve potentially attractive
markets has been identified on paper.

What can be done to make these paper engines real? By the SCAR studles we believe
that we are identifying what neads to be done to develop a viable optica fos some future
date. By the teatbed programs we are addressing the unique and most critical components
for each of tne favored VCEs. Admittedly, there are other needs which are not now deing
addressed. But we believe thit 1f the testbed programs are steadfastly pursued t¢ their
successful concluaions, the logleal next steps will be fortheoming.
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TECHNICAL/ECONOMIC PROBLEMS
® EXCESSIVE WEIGHT

® HIGH FUEL CONSUMPTION

¢ INADEQUATE RANGE
ENVIRONMENTAL CONCERNS

® NOISE

¢ POLLUTION

Fig.l The 1970 U.S. SST program
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Fig.2 Factors to consider in cycle selection
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Fig.3 The SCAR propulsion program
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EFFORT PER ENGINE
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Fig.5 Evolution of SCAR engine studies
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RELATIVE NOy EMISSION INDEX

SIDELINE NOISE RELATIVE TO FAR 36, EPNDB

MAX POWER MODE (MIN OUTER DUCT FLOW)

Fig.7 3-Rotor double bypass or modulating airflow engine concept
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Fig.9 Status of cruise NOy emission experiments
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TAKEOFF AND SUBSONIC OPERATION

SUBSONIC CRUISE OPERATION

Fig.10 Variable stream control engine

P&W VCE-112B
SUPERSONIC OPERATION

Fig.11 Rear valve variable cycle engine

TAKEOFF AND SUPERSONIC OPERATION

CLIMB AND SUPERSONIC CRUISE

Fig.12 Double bypass engine GE VCE concept
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Fig.16 Summary of VCE technology requirements and current programs
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DISCUSSION

J.Kurzke
It is known that surrounding a subsonic jet by an about 50 percent slower, cold jet with a bypass ratio of ca 5 will
give a noise reduction of about SdB. The slower jet is outside. Now, your report quite the opposite, namely a high
speed jet surrounding a slower jet would result in significant noise reduction. Would you explain the different
physical phenomena which seem to be the basis for this fact?

Author’s Reply
The physical phenomena are not completely understood at this time. Hopefully we will know more definitely in
1% — 3 years as a result of further testing now in progress or planned. Meanwhile, I am convinced the limited
amount of testing done so far has been conducted in a scientific manner. 1 feel fairly comfortable about using the
data in hand but would caution against extrapolating into new regions.

Apparently, one finds some noise reduction, for both cases, where outer stream is slower or fuster than core, but
none when the two streams have equal speeds.

J.F Chevalier
Je voudrais poser un question complémentaire de la question précédente. Dans la planche qui compare le bruit des
jets co-annutlaires et le bruit des *‘conventional nozzles™ —~ pour la courbe des “conventional nozzles” s'agit-il d’'un
moteur simple flux qui, pour une vitesse de jet donnée, en abscisse, donne la méme poussée que e moteur double-
flux VCE examiné? S'agit-il d’un moteur double flux?

Author’s Reply
For cc.:nular nozzles, the abceissa refers to the velocity of the outer stream only. The inner stream is moving
slower, hence, for a given total mass-flow, there is indeed a loss of thrust. To be rigorously fair about it, we should
equalize the thrusts before drawing final conclusions. One way to do this is simply to scale up the cosnnular system
in mass-flow to the desired thrust level. For the cases of concern here, this doesn’t decrease the benefit significantly.
For example, consider the data shown at 3000 ft/sec on the chart (Fig. 8 of the preprint). Then for the coannular
system the inner velocity would be about 2000 ft/sec and the mass-flows of the two strcams would be about equal.
To give the same thrust as the conventional nozzle does at the original total mass-flow, the coannular nozzle thus has
to be scaled up by 20% — which gives a noise penaity of less than 1 dB. In this case, which is quite representative of
the comparison between a turbojet and a VCE, the bencfit is more realistically 8 rather than 9 dB.

On the other hand, we could also equalize the thrust by reducing the conventional nozzle’s jet velocity to about
2500 ft/sec. Comparing this point to the coannular value at 3000 ft/sec on the chart, we stil ce a benofitof 6 to 7
dB. On cither basis of comparison, the reduction of jet noise is significant.

J.F Chevalier
Ce n’est pus une question. J'ai une remarque A faire. Dans les comparaisons de bruits entre moteurs, il faut faire trds
attention sux chants sonores de ces moteurs — on peut avoir une réduction de bruit 3 un certain angle et ne pas
I"avoir 3 un autre angle trés inportant pour le bruit de Pavion et des réductions peuvent dtre différentes en vol de ce
que on a au sol. Est-ce que vous pourrice nous dire si il y a confirmation aujourd’hui que, en vol. ¢es réductions
sgront obtenues!

Author’s Reply
No, we have considerable uncertainty on that point. | mentioned in the preprint that there are some caveats thai
have to be considered in regard to these results. One being the question that still surrounds the issue of forward
velocity effects, the other being simply the question of scale effect. In conclusion [ only can say that nobody knows
for sure, but based on theoretical considerations we are optimistic.

D.R Higton
Regarding the VCE schemes that you have presented, and in narticular the GE double by-pass engine, could you
please comment on what variables could be required to enable the fan to switch from the “fow flow™ made to the
“high tow” mode?

Author's Reply
All of the VCEs I've discussed would require funs beyond the preseat state-of-the art. We would expect to use some
combination of stator-geometsy and rotor-speed control in arder 10 (a) maintain airflow while throttling, and,
maybe (b) to get invreased aleflow at wke-off fo7 lower nouise. In the latter case we have to play a very complex
game 10 trade-off fan varlability featuges vs inlet complications. In the ease of the DBE we are just stasting 10 work
this problem and | can’t predici now or when the answers will come out.
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NUMERICAL PREDICTION OF THE UNSTEADY FLOW IN VARIABLE GEOMETRY ENGINES -
PRELIMINARY INVESTIGATION (A)

Luca Zannetti, Associate Professor

Maurizio Pandolfi, Professor

Istituto di Macchine e Motori per Aeromobili, Politecnico di Torino
Torino, 10129 - Italy

Summary

Thig paper presents a numerical methodology which enables engineera and deaigners to
get a prediation of the unateady flow, through tusbojat angines, due to the variation
in time of the geometry of some engine component. The approach ie based on the idea
of replacing the actual bladings with aotuator discs, which defleot the gas atrea.
acoording to the real geometry. Other surfaces of disoontinutty simulates the tn,-:
and the ezaust of the engine and the combustion okamber as reyards the heat input,
The computation 18 carried on by zntegratzng in time (finite difference method) the
hyperbolic partial differential equations which desorile the gas motion,with a second
ordsr of acouracy integmtwn goheme. Numerioal examples show the stmulated wnsteady
flew originated by variation in time of stators atagger angles (compressor and turbi
re) and of exuust wazale area.

INTRODUCTION

Large attention is paid today to the so called "variable geomet:; turbojet engines”,
owing to the advantages the variable geometry components offer as regards the flexibility
of the propulsion system to different operating conditions. During the variation in time
of the gecmetry of some engine element, unsteady flow is originated and pressure waves
travel up and downstream along the engine.

The aim of this paper is the presentation of a somputational procedure which enables
engineers and designers to get useful informations on the flow field through the engine
during these transients. It should soon be pointed out that the transients we refer in
this paper, may be ascribed to the class of high frequency transients, in comparison with
those where the low freguency is related to the relativelylarge inertia of the rotating
components. We will then refer here-after to the unsteady flow in the meaning usually ac-
cepted in gasdynamics, the one characterized by pressure wave propagaticn.

Because of the complexity of the flow field in a turbomachine (even under the assum-
ption of steady flow) it is clear that we have tomake a certain number of hypothesis in
order to create a model of the machine simple enoughfind suitable to be studied with reaso
nable computations, as regards computer times. Some of these assumptions may be probably”
appear questionable. However we are now at the fSrst stages of this investigation and we
are 2ocking for some better ways for modeling the actual complicated phenomena. It should
even be kept in mind that too much sophisticated and accurate models may require a  lar~
ge amount. of computational points and, therefore, too long computational times.

The numerical procedure, here presented has been tested with some numerical examples
describing the unsteady flow originated by the geometry variation in time of engine compo
aents such as the stagger angles of atators in the mmpressor, the stagger angle of the
turbine nozzle and the exaust nozzle area.

BASIC ASSUMPTIONS

We neglect here the radial gradients of any fluid-dynamic or geometrical parameter.
We assume also axisymmetric flow. WKe neglect the e!!ee d to vigcosity and seconda
zy flovws. We assume then,that each blading (of both sea n *the turbomachines) may be
replaced by actuator discs; these are surfaces of disconttau&ty and the continuous aerody
namic loading along the actual blade, is concentrated on them. The tuwo basic phenomena tde
flection through the blcde and pressure wave propagation along the machine) are splitt
the deflection occurs through the disc,while the wave propagation takes plece along the
actual axial length of the blade.

The combustion chamber (and the after-burner also) is conceatrated in a surface of di
scontinuity as regards the Reat input.

All these assumptions have been made in order to leep as low as possible the number
of computdtional points and, therefore, the computational times. In fac. we did. in the
past, many numecical experiments where we avoided tgmake all these acsumptiong toyether.
Ref. 1 refers to the case where the actual bladings were replaced by a field of for.es
such that the flow tangency to the blade was khposed at any time and at any point, instead
of concentrating the continuous bluade loading in the = “tuator disc. The numerical examples
zeported there refer to the unsteady flow in axial £, .¢ compressors. In ref. 2 we took in
to account the radial ?:adtent. in order to extend the methodology to ani: compressar, wl
th h gh tip to hud ratio bladings. Mereovegke are presently workifg cn the predietion o
the influence of peripherical distorsion at the inlet of axial essore and, in this
case, we are considering explicitely peripherical gradients., avoidiag the asaumption of
axisymaetric flow. Ne are also working ca models for siaulating combustion chamber and af
terburner, with a continuous heat release along the engine axis, according to the chemis
cal reaction process.

(%) This tesearch haa besa supported by the “Consiglieo Nasziomale delle Ricerche™ (Comtvact u. 115.9798,
€t 75 00353.07).
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Of course all these more sophisticated approaches require a relatively large number
of computational points,and computer times may results unacceptable when the prediction
of long transients through an entire trbojet engine is required. Moreover we point out
that the mentioned hypothesis may fail -.ndsscribing the unsteady flow in the small local
scale, but, we think, it is possible to gt a reasvnable good description of the most im-
portant features of transients in the engine.

Undar these assumptions we may then consider tne turbojet engine as a sequence of
regions with continuous flow, which are separated by discontinuities simulating bladings
or heat inputs. The numerical procedure will be then carried on by integrating in time
the unsteady flow aquations and by computing the flow projrerties on the two side of each
discontinuity, by matching the unsteady flow equations in the neighboring regions with
those describing the physical process at the discontinuity.

ThE EQUATIONS OF TEBE ¥"IION

According '« the usiove mentioned assumption, the problem is formulated in terms of
cre~dimensionsi, unsteady, inviscid, compressible flow. Becauss of the tanjential compo-
nent of the velacity (w), wr sl...'d add, to the usual set of equations, the tangential
momynsum wne. Al) the praraeters ary normalized with respect to reference values: pressu
re o_ -ad temperatare 7_ ‘o tue front of the engine, reference valoeity ¢ = Jp 79., refe
rence iength (axiai length o. the engine) 1_, reference time t_= 1_/c_.

The flow equations are:

P, + uP, + yu, + yua = ¢ (continuity)

(1) u, +uu, + TP, =0 { axial wmomentum)
Ve Fuv, = 0 (tangential nomeni'un)
St + usx =0

where: P = ln (p/p_); T = exp { 151 P+ %)

a= Qﬂéé& (duct divergence)

The set of Eq. 7 represents hyperbolic partial differential e.uations. By working on the
first two equations, one may f£ind two characteristic lines wiih slopes:

(2) A=sus a; (as= TV

The compatibility equaiions along these lines are:

(3 (Py ¢+ 2P =3 (4, +2u) ==~ yu

The third and the fourth eguations give a third characteristics line; i<s slope is:
{4) A sy

Two compatibility equations hold on it:

(3) Ve v Aty =0 Sy * X‘S‘ =9Q

Eq.1 are ugsed for computing the variation in time of pressure (P), the two components of
the velocity (u,v) and entropy (S) in the con nuous flow regions hounded by the surfaces
of discontinuity. Eq. 1 are treated according .o the finite difference method. The inte-
gration follaws the two level (predicter - corrector) scheme suggested by Me Cormack.
This algorithm is uscd at all the interior points; different procedure are adopted at
those computational points which ars located at the discontinuities.

COMPUTATION AT TuE DISCONTINUTTIES

We discern different discontinuity surfaces in relation with the physical element
replaced by the discontinuity:we havgthen inlet and &aust discoatinuities where the un -
steady flow tnside the engine is matched with the ¢uter flow,actuator disegveplacing sta
tors and rotors of the turbamachines and discontinuity surfoces to simulate the heat in-
put (combustion chamber or afterburner).

At each discentinuity the algebric quasi-steady relatiomshipa, which deucribe the
flow evolution through it, are written andiiifferentiated intwme; these equatioas are
then matched with the flow equations, writtea in the compatibility forms (Bg. 3 and 5).
The resulting derivatives in time of the flew propertiea av the discontinuity are then
integrated in time, following the game ptegration scheme . at the interior poinmts, We
show here the detailed procedure at =ach boundary.

a) Inlet (fig. 1)
The quasl steady ielatiocashipe ~t the imlet are provided by:
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where the subscript "o " refers t> the free stream conditions, which may vary in time as
prescribed inputs.

Eq. 6 are differentiated in time and matched with the compatibility equaticn (3) on
the left running characteristic (u-a). The time derivatives of the velocity (u,.) is obta
ined and integrated in time, according to the two-level scheme as well as at ti& interior
points. The updated value of the pressure (P,) follows from Eq. Eq. 6.

b) Bladings (Fig. 2)

The quasi-steady relationships at the disc, which replaces the blading, are:
[ WP u,p
—%—1— - 22 (continuity)

1 2
-1 2 2 -1 2 2 -1
. [Tz + i—v— lu; + vz)] u[’l’1 + -Ey— (ug + v1)1+ -7—1—- ow (v, = v,) (work balance)
2™ 54

The second term, on the right hand sidqbf the second equation, accounts for th: me -
chanical work exchanged between the blades and the gas stream. The blade speed .: :epre -
sented by u (for rotor ¢ = 1, and for stator ¢ = 0). In the third equation we «-sume he-
re that no losses occur through the blanding; this is not a very restrictive condition
and the procedure may be easily implemented by introducing the relative total pressure
losses, depending on the incidence, once experimental data on cascades are provided. On
the fourth equation, the flow tangency at the trailing edge is imposed. {(Fig. 1); devia -
tion effects may be taken into account (as for the losses), if, even here, experimental
data are provided.

Eq. 7 may be differentiated in time. On the other hand, four compatibility equations
{Eq. 3.5) (three in the upstream region and one down stream of the disc) are given on the
corresponding characteristic lines (Fig, 2). The set of all these equations enable us to
evaluate the time derivatives cf the flowproperies in front of the disc (P,,, Uger Vyp v
S4.)s which may be integrated in time as usually. The downstream flow condxlions
f&flow from Eq. 7.

This procedure holds in case of unchoked flow through the blading.

However if, by computing the upstream flow, the mass flow rate becomes larger than
the critical value (corrwspondine %o the area at the trailing edge), the computation at
the point 1 (Fig. 4) is carried on as it follows. Thecontinuity equation is written by
introducinyg the critical condition and, therefore, unaffected by the downsiream pressure:

Y49y

(8) T, = Hp; rel ’ T rel’ 8)

where p; rel and T; rel denote the total values of the flow relative tu the blading. Ey.

8 is diffe.entiated in time and the flow at the point | s computed, by taking into ac -
count the compatibility equations upstream of the disc. As regards the point 2, we wri-
te the continuity eguation:
b L S Ls |
2 E1
e assume here isentropic process, so that T2 in easily related to p,. This equation is

differentiated with respect to the time,and theamatched with the ¢ tibility equation
on the Jowngtream region (u-a). One may now compute the updated values of L & and Uy The

modulus of the relative velaocity v, at thﬁ%zaiuwﬁd;e follows as:

2.2 . e
“ i e T %D

The direction of w, will be, in general,differeant from the one given by 2. A similar no~
del 13 suggested 18 mef. ).

Fizally the downstream tangential velocity is computed as:
vy = oo - wiag? | A
ol

It is clear that this,or similar procesdure, csn aot be ajplied in the case of su -
personic axial flow.
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L‘Vz = 0w - u, tan § (geometrical candit .. -




c) Combustion Chamber (Fig. 2)
We have here the following quasi-steady relationships:

T1 Tz (continuity)
2 2
(9 P, (1 + 31) = (1 + -u—z) (momentum)
1 T, " P2 T,
ﬁa Y (TE - T;) = H . ﬁb (energy)

The energy equation takes into account the heat release (ﬁa and ﬁb represent the air
and fuel mass flows and Hi thdfuel heatindvalue refered to Cy T.). As usudlly, Eq. 9 are

differentiated in time and matched with the four compatibility equations along characteri
stics.

d) Exaust Nozzle (Fig. 4)
The quasi steady relationships are:

wp u,p
___.'1‘ 1. '—“"% 2 {continuity)
1 2
o N =1 .2
(10) T1 + 27 uy T2 + %?— uy (energy)
51 =85,
V1 = V2 =0

The constriction factor n of the nozzle may vary in time as prescribed (for example
during the afterburner starting procedure). Even now Eq. 10 are differentiated in timz
and matched with the compatibility equations along the right running characteristics
{(u + a, u). The value of p, is kept equal to the external pressure. This procedure in
used for unchoked flow. In“ case of choking, the pressure level Py is imposed as the cri
tical value with respect to the total pressure .at the point 1.

NUMERICAL SIMULATION OF TRANSIENIS

We have chosen a simple scheme of {urbojet engine: a six stages axial compressor is
driven by a single stage axial turbine.

The distribution of the computational points as well as the location of the discon-
tinuities is shown in Fig. 5. On the base of this scheme of the engine we did, in the
past, some computations related to the starting operation of the engine and to the after
burner ignition; the results of these numerical simulations are reported in Ref. 4.

In the present paper we report the results of different computations, describing
transients which may occur in variablegeometry engines.

Steady configurations in the engine are assumed as "initial values" at tiwe zero.
The change in geometry of some component is supposed to take place in a given range of
time and this fact originates pressure waves travelling along the engine. As result of
this tranéieat, all the thermodynamic properties of the flow will vary in time. In parti
cular the air mass flow rates at the inlet and exit of the engine show a difference be -
% cause of air mass storage inside the engine; the combustion temperature and the thrust
X fluctuate;the instantaneous torques on the compressor and turbine become unbalanced and
the rotor accelerates according to the dynamic law. Once the transient vanishes a new
steady confiqguration is acieved., We have simulated three different transients:

- Run n. 1: the stagger angle (6_) of the first two sages in the compressor is varied
by a deflection of 3 30°.
=~ Run n. 2: the exit angle of the turbine nozzles (6,) is changed by 10°,at the same ti-

me the fuel injected in the combustion " chamber 1s reduced by a factor of
20%,

- Run n. 3: the area of th: exaust nozzle is reduced from a constriction factor of.70 to
.65,

n . ,
T g A I

The are many inte-.sting values, as output of these computations, which may be shown.
We have reporied only few of them in Fig. 6 (Run n. 1), 7 (Run n. 2), & (Run n. 3) as fun
ction of the time. It may be noted that the ney%teadytnnfigurations are alinost achived
for time nearly equal te 5 or 6,

These figures report:
- the input data whi~h originate the transients:

i) the stagger angles (98) ia the first two rotogbf the compressor (Fig. 6)

ii, the geometrical exit angle of the turbine nozzle (BN) and the fuel mass flow rate (ﬁb)
(Flg, 7)

iii) the constriction factor n of the exaust noszle (Fig.8),
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-~ the air mass flow rates at the inlet (ﬁai) and at the exit (mae) of the engine.

- the instantaneous torques required by the compressor (TQc) and given by the turbine (TQ)
- the rotor peripherical speed (w)

- the total temperature (Tg) at the turhine inlet.

the thrust computed as all the forces acting, inthe axial direction, on solid walls and
bladings.

It should be mentioned that in the Run N. 2 (Fig. 7) lhe geometrical angle 6, (trai
ling edge of the turbine nozzles) determines the air angle so far the nozzle operates as
unchoked; in the case of critical flow, however, the effective air angle &, may differ
from 8., according the physical argumentqbnd the procedure reported above = (computations
at the bladings).

Finally we make clear that the inertia of the rotors we have assumed in our computa-
tions, is order of magnitude lower than thefctual ones, but such a low value allowed us to
test the methodology also during accelerating operations,without requiring too long compu
ter times.

CONCLUSION

A method has been presented for the numerical simulation of high frequency transien-
ts, which may occur in variable geometry turbojet engines, due to the change in time of
the geometry of some components. A complete description of the transients may be achieved
from numerical computations and a very large amount of informations are available.

Scme drastic assumptionshave been made, in modeling the actual complicated flow,and
some input numbers (very low inertia of the rotors, few stages in the turbomachines, etc)
may appear unrealistic. However this paper represents just only a preliminary step of the
investigation and we are working on more $ophisticated and reliable models. The final
goal is the computation of transients in compleleengines, including the interference, bet-
ween the engine and the inlet (See Ref. 5) in propulsion systems for supersonic aircrafts.

REFERENCES

1) M. PANDOLFI and L. ZANETTI, "Pressure Waves Propagation through Bladings in Axial
Flow Compressors", Istituto di Macchine, Politecnico di Torino, Report n. 161, 1974.

2) M. PANDOLFI: “"Computation of the Unsteady Flow in Axial Flow Compressors" AIAA 8 th.
Fluid and Plasma Dynamics Conference, AIAA Paper n. 75-841, 1975,

3) J.H. HOP..t»K, "Axial Flow Turbines", Butterworths, Loundon , 1966 (pag. 81).

4) M. PANDCLrI and L. ZANETTI, "Preliminary Investigations of the Unsteady Flow in Turbo-
jet Engines during transients" paper submitted to the Journal of Applied Mechaniecs
(ASME) (in extended version as Report N. 174 of the Instituto di Macchine, Politecnico
di Torino).

5) L. ZANNETTI, "Numerical Computation of Unsteady Flow in Perforated Supersonic Inlets"
Proceedings of the GAMM Conference on Numerical Methods fi Fluid Mechanics, DFVLR, K&ln,
1975 (in extended version as Report n., 168, of the Istituto di Macthine, Politecnico
di Toring.

qL\ t=t+dt t+dt
/
\\ y // \\
.{U"a u+a X / \U-2
N\ 74
\ . R\
°L7 \\\, t o —— A N t e
01 12
EIG.1 pis.2

e 5 L P PR o T T T T TR Y T i S— o e RV At SR UL YL S



PRI AR B 8 A Sla e NS

FIG.3 trdt
//7°
uta ” /
W,
76 % // “/‘
) FIG.4 t  Z / 19i2
%,
combustion
compressor chamber turbine
I R1 R2 R3 R4 R]5 RS ce R1 AB N
| L]‘L]JTJTI | R P |
$1 s2 & S4 S5 $6 st s2 L

13- TQ-10

2
139 thrust thrust 10 e

12

o

&
-15 -
| 5
SOL i 1 1 (. time _ 1
1 2 3 3 ;
FIG.6

L T A




S m ey,

s tr € z 1 0
v saiy 7 T T 7 !
-59" W
a w

oL

a
e

T

<
-

e e - ~\m

68"




DISCUSSION

J.F.Chevalier

Je voudrais faire une remarque. Je trouve que c’est assez sympathique que dans une Université on fasse des calculs
quiont pour but d’étre assez simples pour représenter approximativement ce qui se passe dans un moteur. Nous
voyons trop souvent des Professeurs parler de choses trop sophistiquées pour que nous puissions les utiliser. Ces
calculs que vous avez faits me semblent intéressants. En particulier, par exemple, pour étudier les problémes de
“scritch” et de couplages éventuels de modification de conditions de scritch dans une vibration de post-combustion,
couplée avec la combustion elle-méme; il me semble que votre calcul peut servir a établir de bonnes conditions
limites dans un tel calcul et donc serait trés utilisable par des chercheurs en turbomachines.

Quel est le temps de calcul et sur quelle machine faites-vous un tel calcul?

Author’s Reply

The computer time necessary is depending on the kind of machine you are using. We performed this kind of compu-
tation on a IBM370/158 or CDC/6600. The computational time does not mean too much except if you compare the
computational times with real times, that means to compare the computational times with the times related to
physical problems. If I say to you three minutes with CDC/6600, it does not mean too much because we have to
look at what are the physical time we are investigating on. I think that it will be quite good to have a computation
which will be performed in real time. However, we are at the moment quite far from this goal. In fact the compu-
tational times are, on a CDC 6600, about 60 times larger than the real physical times.

R.E.Peacock

In Figure 7 the integration with respect to time between what appear to be two equilibrium conditions (t =0 ¢
t =35) of the curve of my and that of my, do not give the same result. Apart from possible changes of fuelling level,
why is this so?

Author’s Reply

I think one should not expect equal integrals in both cases. In fact the difference is just the air which has been
stored in the engine from one state to the new state of configuration. In other words, the difference is directly
related to the different distribution of density in the engine, in the two different steady conditions.
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ASSESSMENT OF VARIABLE-CYCLE ENGINES FOR SUPERSONIC TRANSPORTS

E. Boxer, S. J. Morris, and W. E. Foss, Jr.
NASA Langley Research Center
Hampton, Virginia 23665
U.S.A.

SUMMARY

The NASA Supersonic Cruise Alrcraft Research (SCAR) program has spon-
sored extensive work to define technology improvements which could lead to
an economically and environmentally viable advanced supersonic transport.
One element of the program involved the generation of a multitude of
advanced conventional and variable-cycle "paper" engines by the engine
manufacturers and streening them in a typical transport mission to fi.d the
most promising engine cycles. These latter cycles were evaluated by the
airplane manufacturers in more detailed mission studies with the result that
three promising candidate engine cycles were identified for further study
and refinement. The present paper evaluates each of these three proposed
SCAR propulsion systems in terms of relative aircraft range for a fixed
payload and take-off gross weight with a design cruise Mach number of 2.7.
In order to put the performance of these engines in perspective, a compari-
son of these engines and the former U.S. SST engine (GE4) is made with an
idealized variable-cycle engine whose performance at all operating points
matches that of an optimized point-design cycle within specified limits,

In addition, range compurisons are made with and without noise level con-
straints to determine the influence of noise upon cycle selection. Finally,
the critical areas requiring new or improved technology for each cycle are
delineated.

1.0 INTRODUCTION

With the cancellation of the United States Supersonic Transport (SST) program in 1971, an enormous
concentrated developmental effort for civil supersonic flight technology came to an abrupt halt in the
U.S.A. This did not deter dedicated engineers from examining the problems which led t. the demise of the
U.S. SST and prophesying new technology requirements for a second-generation S$SST which would lead to sub-
stantial improvement in performance, economics, safety, and social acceptability. A pap-r presented by
Nichols later in 1971 (Ref. 1) indicated that substantial range improvements were possible with advances
in aerodynamics, structures, materials, propulsion, and flight control within the restraints imposed by
take-off noise considerations. Although the gains shown were those for an advanced dry turbojet engine
equipped with a noise suppressor, Nichols called for inventiveness to define a variable-cycle engine to
“have the air' iow characteristics at take-off of the turbofan combined with the good cyele efficiency of
the turbojet in supersonic cruise." As a result of studies such as this, NASA in 1972 elected to estab-
1ish a low-keyed effort now known as the Supersonic Cruise Aircraft Research program (SCAR) to define,
foster, and fund research efforts to develop the techunology needed to support any future attempt to build
a second-generation SST.

Shortly after the start of the SCAR program, Swan (Ref. 2) indicated that a weight reduction equiva-
lent to that of the entire payload would have been possible for the U.S. SST had a variable-cycle engine
been available. The implication was that the variable-cycle engine would be capable of generating a large
afrflow in a turbofan mode with low specific thrust levels to meet both the take-off field length and
regulated noige level without a suppressor. It would cruise supersonically as a dry turbojet and would
maintain high inlet flows when operatimg at part power to eliminate throttle dependent spillage, bypass,
and boattail drag. Swan further made the point that “the propulsive system concept must be treated as an
entity, ineluding inlet and exhaust systems guch that reduced weight, drag, and complexity of these latter
components may be traded for Increased weight and complexity of the variable eyele.” At about the time
Swan presented his paper, the results of Boeing's JT8D variable bypass engine test (Ref. 1) were made known
to the staff of NASA. This test demonstrated the ability to increase airflow 70% and vary the bypaes ratio
from 1.1 to 3.5 through the use of an air inverter valve. Partly as a result of this information, the
on-going SCAR engine studies performed under contract with General Electric and Pratt § Whitney, and
directed by NASA Lewis Research Center, were expanded to include studies of a family of unconventional
variable-cycle engines. The results of these studies, which ave still underway, are described in
Reference 4.

The purpose of thim paper {8 to arsess, on an i{ntegrated mission basis, the performance of three
variable-cycle engine conceptas resuleing from the on-going SCAR program and to delimeate thoae areas of
technology which must be developed to achieve such performance. The engine cycles selected have differing
degrees of variability and complexity as well as differipg advantages and disadvantages with ¥espect to
each other. The figure of merit employed {s the maximum range achieved at a erulse Mach number of 2,62 ova
a hot day for a given take-off gross veight and payload. The results are compared with a fantasized cos-
pletely variable-eycle engine which represents an upper bound of the potential for a variable-eyele englame.
In addition, comparikons are made with the GE4, the esgine selected for the V.S, 88T, to illustra.e the
improvements afforded by advanced engine techanology. These comparisons are made for optimus performance-
sized engines and for vehicles with congines sized to meet FAR aoise regulations both with aad without
suppreasion.

The engine data are as supplied by the engine manufaecturers, and no independeat evaluation of the
validity of the data or ability to perform aa specified has been made. Uhere opinloas are expressed in
the paper. they represent thoae of the authors aloas.
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2.0 ENGINE SELECTION AND DESCRIPTION

Many englne cycles of both conventional and unconventional types were generated and examined hy the
Pratt & Whitney and General Electric companies under the avspices of the NASA/SCAR program. FEach of these -
englnes was screened In a migsion simulation program to pinpoint the more desirable cycles, Mission simu-
latfon was a necessary tool since it is well known that comparisons of the usual performance parameters
of thrust-weight ratfo, specific fuel consumption, installed thrust level are not necessarily {indlcative
of the best cycle in view of the conflicting requirements {mposed by noise restraints, weight, thrust
margin, and subeonie versus supersonic cruise fuel consumption rates. The performance data of the higher
ranked engine cycles were provided to the alrplane companies to evaluate in thelr SCAR-sponsored system
studies. Based upon the results of these studies, the most promising cycles were further refined and
analyzed in more detail by the englne manufacturers, The net result of this iterative process was the
N definition of three candidate variable-cycle cngines of differing degrees of variability. For each of
i these engines, a technology base available for a certificated engine in the late 1980's was assumed. For
convent fonal engine components, an extrapolation based upon historical data was used by the englne manu-
facturers to predict weight and performance. For nonconventional components, estimates of performance and
weight were based upon results using small-scale models wherever possible and in all cases with a degree of

restrained optimism in keeping with an objective of the SCAR to delineate potentially attractive areas for
new technology research.

To establish bench marks aga‘nst whi:h to asscss the performance of these candidate variable-cycle
engines, the alrcraft performance with two alternate englnes was gencerared. The first is the engine
selected for the former U.S. SST (the GE4/JSP), It is included to indicate the gains possible due to
technology advances since 1969 in conventional components and due to cycle variability. The sccond engine
used for reference is in reality not an engine. It represents, within limits, a cycle optimized over the
flight spectrum for best fuel cconomy without regard to physical restraints. The five engine cycles are
bricfly described below. Each of the varfable-cycle engines have been optimized in terms of overall pres-
sure ratio and a fan pressure ratio for a standard day tlight Mach number of 2.7 for direct comparison with

the GE4 which was designed specifically for this flight Mach number. The engine cycle parameters and
performance are listed in Table 1,

2.1 Pratt & Whitney — Variable Stream Control Ungine

The variable stream control engine (VSCE), shown in Figurce 1, Is a two-spool duct-burning turbofan
employing a convergent-divergent ejector nozzle. (u essence, it is very similar to the JTF17, the P&W
entry for the U.S. SST program but differs primarily {n employing higher turbine inlet temperature, a
variable arca throat for the primary stream, and a greater degree of variable geometry in the fan and
compressor. The use of this variability permits a more complex throttle schedule to be used. This throttle
schedule = sentially matches the engine and inlet flow schedule at maximum dry and augmented power settings
at all fiight Mach numbers to minimize spillage, bypass, and boattail drag. 1In addition, for take-off, the
. ?. primary burner {s throttled back with the duct burner lit and full airflow maintained to achieve a tailored

o exhaust gas profile., This technique maximizes the coannular noise relief at the required take-off thrust
level. A detailed description of the engine and explanation of the coannular noise relief are containes in
Reference 5. The VSCE represents a conservative approach toward achieving the objective of a varfable-cycle
H engine. Its performance at both supersonic and subsonic cruise conditions is quite similar to that of a
convent fonal duct-burning turbofan.

2.2 Pratt § Whitney — BRear Valve Varijable-Cycle Banpine

The rear valve variable-cvcle engine (RVE) has been found to yield the most attractive application of
! the alr inverter valve concept. It ls used as a meaus of cyele couversion from turbofan to turbojet and
vice versa. A dzscripticn of the alr inverter valve and {ts use in this and other arrangements is given

in Refereace 3. The operation of the RVE is described {n detail in Reference 5 and is briefly reviewed
here. The RVE {s a two-spool nonafterburniug epgine employing a varfable geometry fan and a split low-
pressure turbine and i{ncorporates a convergent-divergent ejector unozezle. The air inverter valve functions
as a diverter/mixer and {8 located before the last clement of the low-pressure turbdine. In the twin turbo-
jet mode, the duct burner iw lir and the valve 1s in the inverting position such that the core flow is
bypassed around, and the heated duct flow expanded through the rear low-pressure turbine. In the turbofan
mode the valve is used to mix the unheated duet flow with the vore flow before expanding through the rear
turbine e¢lement. the inner stream nozcsle throat iz fixed., Ian the turbojer mode of operation, vaviation

of the outer stream nozele throat area and fan burner temperagure are used tuv maintatn coastant corrected
atrflow at supersonie cruise part power thrust levels. Alrflow regulation in the turbofan mode is uniquely
defired by turbine tnlet temperpature since all the flow exits rhrough the fixed arca inner stream nozzle

L ST P

?' theoat. Thua, in the turbofan mode a greater degree 5f splllage tusr exiset compared to the turbojet mode.
% fhis i3 a result of lower faa speed due to the lower flow ¢nergy level at the rear turbine because of the

5 aining of dhoth streama, The RVE esxhibits the geeatest variabilirv of any variagble~-cyele engine in this

2 group in that it operates like a turbofan e¢angine at subsoaie erulse and as a turbojet at superscaic erulse
5 speeds.

“ 2.3 General ¥lectrie — Double Bypass Variable-Cyele Emgiae

»
13

fhe double bypass variable-cyele engiae (DBE) is a4 low bypasseratio rwo-spool aixed-flow afterbuyniag
turbofan engine. The fan ta divided fato two separate elements, These elemeonts are desigred so that
vngine alr can be bypassed dovastreas of each elesmear. The coufipuration is shown scheamatically ia
Figure ! and {8 deseribed im detail in Reference 4. The DBE engine used ia the prosent iunvestigatios (s a
later version of the emgine Jdescribed ir Reference 4. [In this later veestos, both Sypassed styedms ave
eixed and a4 poreton of the mixed flow is exhausted through an qusiltasy mozzle in the take-off and low=
dpeed cruise modes. Por tabevoff, variable tubbodachisery geoletPy is used to overspeed the fam angd
inerease the ateflow appresnimately 0L, This overspeedipg ia combimativa with the translating shroud
coavergent-divergeat plug aneale (Ref, &) 2ad aunslar aolse relicet (Refs. 7 aad 8), aigmificaatly reduces
the jer moise as campared to a voaveutiouwal C-D norale equipped Jow hypams fatio turbufan englme. The
engine throttle mudulates the vietable atators aad bypass flow paths tu provide ialet engise <irflow wmateh
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at all flight Mach aumbers at both maximum dry and augmented thrust levels and to provide full oirflow
down to approximately 502 of dry thrust. The DBE represents a degree of variability midway between the
VSCE and RVE.

2.4 General Electric — GE4

The GE4 engine, which 1s used to i{llustrate the technology base available in 1969, is a single spool
afterburning turbojet cquipped with a convergent-divergent two-stage ejector nozzle. The engine has a
variable area nozzle and employs a two-position compressor stator schedule. The engine weight and per-
formance parameters were taken from the model specificatiens for the GE4/JSP for a standard day.

2.5 Refereuce Variable-Cycle Engine

The reference variable-cycle engine (RE), as stated previously, is not a specific engine, It repre-
seuts a series of point-design cycles, ecach optimized, within limits, to achieve minimum fuel consumption.
Its purpose is to provide a goal for the class of variable-cycle engines to strive for, yet never reach.
Admittedly, the RE presents impossible hardware problems and 1s intended only to serve as a measure of the
ultimate range obtainable within the rostraints imposed as indicated below.

It {s assumed that at Mach numbers below 1, the cycle would be that of a simple turbofan with a bypass
ratio of 3 as an upper limit. Above Mach number of 1, it would transform into a dry turbojet. At selected
Mach nutbers and altitudes, the overall pressure ratio and fan pressure ratio were varied at a constant
combustor cxit temperature of 1537° C (2800° F) to find the minimum specific fuel consumption through the
use of a design point engine cycle program. If the minimum specific fuel eonsumptlon occurred at an over-
all pressure vatlo above 45 or comprassor dischaccn temperature exceeding 727% C (1340° F), the specific
fuel consumption value at these limit points was uscuded as the oinimum value. The component efficiencies
and pressure losses for this cngine were those assumed achievable in the m1d-1980's. The exhaust nozzle
gross thrust coefficlent was held at a value of 0,985 at ail flight conditions.

The engine airflow schedule is presumed to vary such that the thrust would match that of the after-
burning GE4 for climb and acceleration. At all other conditions, the airflow varies to produce the thrust
required by the airplane. At take-off, the engine is high flowed to produce take-off thrust without
csceeding the FAA noise regulations. It is further postulated that the weight of the engine pod would be
equal to that of the GE4/Boeing installation scaled to 110Z of the required airplane cruise airflow rate.

3.0 MODELS AND METHODS

A comparison of the varfous variable-cycle englnes can best be achieved if the airplane-engine charac-
teristics are optimized for cach of the imdividual engines. The maximum performance is then obtained sub-
ject to the operational restraints imposed by guch factors as take-off field length, noise, approach, and
take~off velocity. The techniques used in the present paper to obtain this objective are discussed below.
In all cases, the waximum range achieved for a given take-off gross weight was calculated for a simple
8° ¢ hot day; that is, the temperature at any standard day altitude 18 increased by 8° C and the speed of
sound i{s calculated for the {ncreased temperature. All other state variables are assumed to be the same
as for a standard day. To avoid stagnation temperatures in excess of that of standard day flight Mach
nusber of 2.7, the maximum flight Mach number for the hot day assumption is limited to a value of 2.62.

The figure of merit used to compare the performance of the various engine cycles is the maximum rela-
tive range achieved for a fixed take-off gross weight and payload. The relative range is defined as the
range for any given engine normalized by that of the reference engine (RE), It was adopted as a means of
emphasizing the effects of engines cycle upon performance and to avoild comparison with other studies in
terns of absolute range which uecessarily is dependent upou the level of structural and other technologies
assumed.

3.1 Afrplane

The airplase configuration chesen to “fly" with the candidate engines is shown in Figure 2. 1t s
designed for a eruisme Mach number of 2.7 atandard day. For maximym aerodynamjc effielemey, it incorpovates
an arrou-wing planform mounting four engines in separate poda aft beaeath the wing for favorable fnterfer-
ence effecta. It has been ajzed to have a design 8° € hot day range of 7348 km (3968 n. mi.) carrying
292 passeagers and equipped with an advanced single-spoel aonafterburaing turbojet eagime. It meets the
design range with a take-off gross weight of 323679 kg (718000 lbm) which i the value assumed throughout
this paper.

The airplane chavacteristics for a wing loading of 152 kg/m? (72 Ibm/€t2) ave fully described ia
Beference 9. As a result of recent wiadetunnel teats, more efficlent flaps were developed which iadicated
that the use of a ving loading of 415 kg/ml (85 1da/fe?) would meet the take-off field lemgth cviteria aad
result {n improved vange. Therefore, the wing area vas reduced fo yleld this wvalue vhile matntaiaing
the same aspeet vatio. The aerodynaaie characreriatice were recaleulated and the atrplane rebalanced.

The resuleing baseline airplane maximum lift-dvag vatio as a fumetion of Mach aumber {a showa {a Figure )
The ateplane drag facludes that due to both pavelle iaterference amd nacelle shinm frictiom. All other
propulatua system drag items are imeluded In the installed cagine performance.

The baselise eperating weight capty leae that of the propulsloa system e 33.8% of take-off grows
welight.

3.2 Misaica Profile
The sissica profile flown for each emgiue ts illuetrated im Figure 4. Pusl rveserve allowance from

FAR 121.848 557 Fuel Requiremcar (teatative stasdard proposed by PAA) was wodified for a change im holdisg
aleleude from 457 & (1300 fe¢) to 4572 @ (15000 fr). The crulee poetica of che wissica was assumed to beo
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entirely supersonic for the baseline mission. However, the necessity of avolding sonic boom over populated

areas may require a portion of the flight to be conducted at subsonic cruise speeds. This requirement

makes the development of a variable-cycle engine especlally attractive for supersonic transports. There- .
fore, two alterncte mlssion profiles were examined which incorporated a 11ll-km (600-n.-mi.) subsonic

cruise range at either the departure or arrival portion of the flight. The subsonic cruise leg is asgumed

to be at a Mach number of 0.9 at best cruise altitude. The Mach number-altitude climb schedule for the

all-supersonic cruise mission is shown in Fligure 5. This gschedule has been used in pievious studies and

has been checked to insure that it did not cross any flutter boundaries, Full climb thrust was employed

during the accelerating climb without any attempi to optimize for any given engine cycle.

3.3 Engine-Afrframe Matching

The relationship between engine size and wing area for maximum range can best be determined through
the use of the so-called "thumbprint” or "knothole" diagram. Such a diagram is illustrated in Figure 6
for the RVE cngine. Contours of constant relative range are shown as a function of installed thrust load-
ing and wing loading. The contours were developed with the ald of the computer program described in
Reference 10 which generates performance for a matrix of input wing loading and thrust loading values.
Engine weight and dimensions are scaled in accordance with information provided with the engine performance
decks. The airplane operating weight cmpty is adjusted for wing loading changes by assuming a constant
fuselage and empennage weight and adjusting wing weight as a functior of wing loading and engine weight in
accord with previously determined parametric scaling laws. The airplane aerodynamic polar diagrams are
adjusted for the effects of wing area changes and for the effects of both altitude and nacelle size on
skin-friction drag.

Superimposed on the thumbprint diagram are limit lines which represent physical or operational
restraints. Arcas on the shaded side of each line represent portions of the diagram that violate the
constraint. The balanced take-off field length, excess thrust, approach and take-off speed limits lines
are assigned based on operational consideration at the values shown.

The maximum range of the reference variable-cycle engine (RE) used to normalize all other englne range
performance values was determined for thesc same operating limits. For the case fllustrated in Figure 6,
the maximum relative range for an all-supersonic cruise mission without noisc restraint {s limited at the
intersection of the take-off field length and tramsonic znd supersonic excess thrust limit lines. Only a
small sector of the knothole diagram bounded by the approach speed, take-off field length, and supersonic
excess cruise thrust meet all operational restraints for airplane equipped with the RVE. For all engines,
the maximum unrestrained range at the eye of the "knothole” {s indicated.

4.0 ENVIRONMENTAL AND ECONOMIC FACTORS

The ranking of cngine cycles i{n the SCAR program included projcctions of engine cost, maintainability,
complexity, as well as performance in order to determine the most economically attractive cycle. The
economic factors are ignored in this paper because they represent an area of greatest umcertainty. As
engine cycle with a clear performance superiority should be economically competitive.

4.1 Emissions

The impact of engine emissions upon the deaign of combustors or duct burners cannot be assessed untfl
such time as emission regulations are set forth; however, the goal cf achieving iow emissions both in
flight and i{n the vicinity of the alrport {s of paramount importance. The development of low emission
combustors is a problem shared to the same degree by all candidate engines. Projections based upon recent
research indicate the posaibility that low emission combustors can be developed within the volume and length
of current practice. Therefore, the effect on performance of designing low emisaion combustors for the
candidate variable-cycle engine 18 ignored in this paper.

The developuent of a low enissi{on duct burner or afterburner presents a more difficult problem particu-
larly with regard to hydrocarbon levels. BRurner effi{ciencies very much higher than those achieved to date
are required without sacrificing low-pressure loss performance. In addition, the current on-going research
in low emtasion combustors for today's coemercial engines is not directly applicable to burners because the
velocity, pressure, and temperature levels ave not eomparable. However, it ia assumed that the optimism
expreased by the engine manufacturers ia justified and that timely research aud developsmeat will yield a
low emission duvt buyner ovr afterburaer with no engine perfovmance ov welght penalty.

4.2 Noise

The envirommental factor that has the greateat i{mpae: upon engine size {s the sideline and/or flyover
aotse level. To illustrvate the effect of nolse restratats, the maximum vange for each engine has been
determined fivet by means of the “thumbpeiat® diagram for maximusm performanee as previously deseribed
without conaideration of potse. Secomdly, the maximum range with noige restraints applied wvas determined
from the “thumbprint” dlagram for an enging slzed to meet the maximum allowable noise level of 108 EPNGS
a3t etther the sidelime or flyover measuring point. In this excreise, the variable-cyele engines weve
sized to meet the wolge vestratat both with and without suppression due to anaular/coaanular aoise relief.
For these vaviablemcycle emgires, no comasideration was given to amy additional velief made possihle through
the use of aeoustically treated limers or mechanical atream~-imaecrsed suppressors in an effort to demonstrate
the poteatial bemefits due solely to the amaular/coanaular effect. The suppresstion level assumed was pro-
vided by the ergine manufgetuyrers and was dased upon smallescale statie acoustie tests. The molse velief
varted with throtele setting reaching a valus ar mawimum throttle of 10 EPNAN for the VSCE, § EPNdB for the
RVE, and 9 EPNdB for the DBE. the GR4, which ia used to represeat first-gemeratioa 55T techaalogy, was
presumed to be equipped ~ith an 8 EPNJE mechaalcal suppressor that welghed % of bare engine welpb¢ and
ereated a 5% met thruset loaze at talle-off. This approach wae taken presuming the annular aoctse relief
effect was uarecogaized at the time of the planned eatry into gervive. The refereace variahle-cyele engine
was assumred tO bo opevated such that so suppresaton was required aad thus iacurred ao rvange peralty due to
aoiee.
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5.0 PPCPULSION SYSTEM PERFORMANCE

Engine performance data supplied by General Electric and Pratt & Whitney for their engine designs -
provided the net internal thrust and specific fuel consumption (uninstalled performance) at key altitudes,
Mach numbers, and power settings. These data reflect only the effects of inlet pressure recovery, nozezle
gross thrust coefficient, horsepower extraction, and engine bleed. As noted previously, all propulsion
system related drag with the exception of nacelle friction and interference drag arc charged to the engine.
The drag due to inlet spillage, boundary-layer bleed, bypass, and boattail as functions of power scttings
were treated as thrust decrements in generating installed engine performance data decks for each engine.
The isolated boattail drag as a functilon of power setting was provided by the engine manufacturers.

Each of the variable-cycle engines was presumed to operate in conjunction with the inlet described
in References 11 and 12, This inlet 1s of mixed compression axisymmetric type designed for a Mach number
of 2.65 and incorporates a translating center body and bleed ports on both cowl and center body to minimize
shock-boundary~layer interaction. It is operated in an unstarted (external compression) mode up to a Mach
number of 1,6 at which point the shock is swallowed. This inlet is sized to pass 2% greater airflow than
that required by the engine and bleed system at supersonic cruise on a standard day. The total pressure
recovery, bleed flow requirements, and maximum flow schedule as functions ot Mach number are presented in
Figure 7.

The GE4 is ptesumed to operate in conjunction with the Boeing-developed inlet whose performance and
drag buildup is essentially as given in Reference 2, The reference variable-cycle engine (RE) is presumed
to be operating with a rubberized infinitely variable inlet such that the only chargeable dray 1s that due
to the boundary-layer bleed flow.

The performance for each of the considered engines at the subsonic and supersonic cruise Mach numbers
at altitudes above 11 km (36000 ft) are demonstrated in Figure 8, Both installed and uninstalled data are
plotted to indicate the effect of installation drags at these conditions. The net thrust has been non-
dimensionalized with respect to cach engine's maximum thrust at the glven altitude and Mach number to
define a thrust ratio. This technique was used to eliminate engine sizing effects.

The installation penalty at the supersomic cruise Mach number is entirely due to bleed drag except
for the DBE which has a boattail drag approximately equal to a third of the bleed drag caused by a rcar-
ward facing faired step just upstream of the translating shroud. Boattail drag accounts for approximately
70% of the installation penalty for all engines at subsonic cruise Mach number. At this flight condition,
however, the DBE with its translating shroud-plug nozzle and high airflow at part power exhibits about
half the installation ponilty as compared with the VSCE.

At the supersonic cruise Mach number, the minimum installed specific fuel consumption of all engines
shown are quite comparable with a maximum difference of approximately 4Z. At the subsonic cruise Mach
number, the spread of the minimum fuel consumpzion values increases to approximately 50%Z, with the highest
bypasa ratio engine, RVE, exhibiting the lowest value and the turbojet engine, GE4, the highest value.

The true ranking of these engines, in terms of fuel economy, depends upon the thrust ratlo required to
balance drag and engine size required to meet the operational restraints and not upon the indicated mini-
mum value of SFC.

6.0 RESULTS AND DISCUSSION

Comparison of the perzormance of the various engine cycles in temms of maximum relative range are
presented in Figures 9 and 10 to show directly the effects of cycle, noise, and subsonic cruise requirement
on range. The incremental range, fuel usages, and propulsion system performance for each of the maximum
range configurations are given {n Tables Il and 11I. All engines and airframes were sized to meet the
operational {imitations imposed by take-off field length, approach velocity, and excess thrust; however,
the limications imposed by the nolse criteria were treated separately. To show the effect of noise, the
engines were first sized for maximum performance without consideration of take-off noise level (no noise
restraints). The engines were then resized and matched to the alrframe to determine the maximum range
with a notase limitation of 108 EPNAB without any noise relief due to mechanical or amnular/coannular
suppression (108 EPNdB, no suppression). Finally, the effect of the assumed suppression levels were
included and the emgines resized, wheve necessary, to determine maximum rvange (108 EPNAB with suppression).

ARl WAL e

The variable-cycle engines, as a greup, exhibit subatantial range improvements as compared to the GE4

{' (Fig. 9). On the basis of maximm performance aloae wituout consideration of the effecta of noise, a
@ vange {mprovement of 232 is provided by the RVE. This engine has a range of 76Z of the ultimate as repre-
SN sented by the RE. When compared on the basias of engines sized to meet the 108 EPNdD noise restriction,

A, including the effecta of noise suppression, the improvement in range of the RVE as compared to the GE4

i inereases to 40X, This is aeceomplished with only a 1X penalty in rvamge for the RVE eized to aatisfy the

neise reatrictions., The GE4 range for these conditions is only 33X of that for the RE. It should be
vemembered that the variable-cycle engines were designed with the FAA noise regulations in mind, whereas
the CFP4 wvas selected for the U.S. SST with much less restrictive noise requirements. Therefore, the
imposition of the 108 EPNAB limit upon a high specifie thruat eycle (high jet velocity} such as the GE4
results in the meed for a large overrized engine and a consequent significant range penslty. The variable-
eyele engiren, on the other hand, exhibit relatrively =mall decreases in range when eized to meet the noise
standards even wvithout the benefit of suppresalon. It 1a intereating tu note that the range of all the
variable~cycle engines silzed to meet the noise restrictiona without the effects of suppression exceed that
of the GE4 sized for maximum performance wi.hout notee conatiderations. An increase tu the level of
mechanical suppreseion beyond the 8 EPNAB for the (4 wil) be of no help because the airplane with the
resulting umaller cagloe will Be imcapable of take-off withia the full ruaway leugth of 3200 a (10500 ft).
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A 1111-ks (600=n.-mi.) subsonie cruise to avold sonte boom at either the departure or arrival portion
of the flight for zagines sized to satisfy the noise reatrictions with the assumed suppression levels
tacluded (Fig. 1%) iladicate relatively small reductioas of ) to &% in range for the variable-cyele eagines.
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The GE4 sustains a 192 loss in range under the same conditions, prinarily as a result of the poor cycle
efficiency for heavily throttled low-pressure ratio turbojets at subsonic speeds and the large installa-
tion penalty due to high spillage and boattail drag.

Insight to the factors which have a bearing upon the overall performance noted above may be obtained
from Figures 11 to 13 as well as from Table II. The DBE uses the greatest amount of fuel and travels
fartheat during the climb to supersonic cruise for the case of engines selected with no neise restrictions
(Fig. 11). As can be seen in Figure 12, the range of the DBE is limited by the excess thrust available in
climb, An increase in the afterburner operating temperature could increase its range because the engine
could then be sized to meet the take-off field length and have more fuel onboard for the more efficient
supersonic cruise leg. The RVE, which also exhibits a relatively long climb distance, is limited in engine
size by both field length and climb thrust, It cannot climb more rapidly to the supersonic cruise point
because the presence of the rear valve sets the limit on auxiliary burner temperature., It is interesting
to note that the VSCE which is both slightly lighter and exhibits lower specific fuel consumption at both
supersonic and subsonic cruise points has 3% less range than the RVE. This is a result of accelerating in
the less efficient full augmented power mode at all speeds. Although no attempt was made to optimize the
climb throttle schedule, the range of the VSCE improved 1% by restricting duct bu-ning during climb to
Mach numbers above 0.8.

Both the RVE and DBE engines, as used in this study, are sized by the requirement to meet the noise
limit of 108 EPNdB in the suppressed mode for the given runway length. Increasing the take-off field length
limit for either of these engines would result in an insignificant range fmprovement because the climb
thrust requirement would then become the engine sizing parameter. The climb thrust limit is not an absolute
operational requirement; however, any reduction in the assumed minimum thrust-to-drag ratio value of 1.2
will adversely affect acceleration capability to start of cruise and increase trip time. The VSCE, on the
other hand, is limited only by take-off fiel.' “ength and not by noise. The sifdeline noise which is the
dominant factor for this engine is actually less than 108 EPNdB and an increase in take~off field length
would permit the use of a smaller engine and a consequent improvement in range. Relaxition of the take-off
field length limit would, therefore, favor the VSCE such that its raange would equal or slightly exceecd
that of the RVE.

Within the accuracy of defining the performance of the cngines based upon projections of future
technology development, the RVE and VSCE can be viswed as having equal potential for use in a second-
gereration supersonic cruise airplane having a standard day cruise Mach number of 2.7. The DBE, on the
other hand, although superior to the GE4 in range, has a range 13% less than that of the RVE when compared
for the noise limited suppressed all-supersonic flight condition. The supersonic cruise specific fuel
consumption and fuel reserves of the two engines are not too dissimilar (Table II). As noted earlier, an
increase in afterburner temperature limits would only slightly fmprove the range of the DBE. Therefore,
the prime reason for the difference in range is that the {nstalled weight of the DBE propulsion system is
19% greater than that of the RVE and, as a watter of fact, is equal to that of the GE4.

The VSCE and the RVE exhibit approximately equal range potential yet represent widely divergent
variable-cycle concepts. The VSCE is essentially a turbofan engine with controllable primary and secondary
nozzle-throat areas which can be scheduled to provide engine-inlet flow match at maximum nonaugmented power
over most of the flight spectrum. The RVE, on the other hand, employs a unique flow path schedule which
provides a cycle change from what {s essentially a relatively high bypass turbofan to a dual turbojet.
Unfortunately, it does not exhibit fully the favorable fuel economy of the conventional turbofan at sub-
sonic cruise nor that of a conventional turhkojet at the supersouic cruise Mach number. This is a result
of the compr-wise vrequired in the selection of fan pressure ratio. Iu the turbojet mode, the overall
cycle presgure ratio for the bypassed flow turbojet is equal to the fan pressure ratic and is too low for
gy fusl econouy. In the turbofan mode, the fau pressure ratio is too high and the overpressurization
and consejuent expansion through the rear turbine reduce the thrust potential of the bypass stream due to
the additional rise in entropy through the fap and turbine. In addition, the RVE cannot generate suffi-
clent thruat for take-off in the tuchefan mede. waiuh is desired for reasons of noise, because its atr
handling capacity i{s not {ncreased to compensaie fey ites low specific thr-st. Thus, for these reasons,
the RVE does not meet the full objectives of a varlable-cycle enpite set torth by Nichole (Ref. 1).

The DBE 3is the only one of the three considered variable-cycle engines which waintaina full engine
airflow at the subsonic cruise power setting. The other two variable-cycle engilnes musy s;. ) or bypass
from 12 to 21X of full throttle airflow. The fixed airflow of the DBE in combination with ¢he transtating
shroud nozzle, providea :hrottle independent bypass, spillage, and boattail drag down to one<half of the
maxinum nonaugmented thrust level, The elimination of throttle dependent drag 1s cne of the goals for
variable-cycle engines advocated by Swan (Ref. 2). However, the specific design of the translating skroud
incure a basic boattall drag which, 1f it were possible to eliminate by redesign, would yleld subsonic as
vell as supersmonic crulse specific fuel consumption rates equal to the VSCE, Although the range of the
DBE would {ncreaae as a result of eliminating the boattall drag, it would oot equal that of the VSCE ov
RVE because of ita hicher propulsion aystem weight fraction.

It can be coneluded that the vange increase noted for 211 engines, as compaved to the GE4, may not be
due as much to meeting the goa.i outlined for variable-cycle engines as that due to advanced technology
represented by higher turbine teeperature, improved component performance, annular/coannular noise relief,
siruetural efficiency, and to the selection of cycle pavameters aud methods of operation to best mateh the
conflicting performance requiveaents.

Comparison of the relative range of the three candidate varlable-cyele engines to thar of the refer-
ence engine indicate that further aignificant improvements are possible. However, these improveaents ln
potential fuel mavinge are coatingent upon finding a means of varylag cyele paramerers for each flight
condition which are not too cosatly in terma of weight. For example, if it wverc possaible to achieve the
‘ou fuel consumption rates of the rvefevence emgine, it would be pointless to do ao {f the justalled pro-
pulsion eyrtem weight were equal to or greater than 173% of the longest vange variable-cycle engime, for
then there would be ao gain in range.
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1t should be emphasized that the SCAR engine program was undertaken with the goal of determining the
potential gains possible for supersonic cruise aircraft equipped with advanced technology engines and 4f
found attractive to foster research on those components critical to achieving that goal. As a group, the
variable-cycle engines were found to be superior to the more conventional cycles. However, the relative
ranking of the three varjable cycles considered in this paper does not necessarily reflect the desirabil-
ity of choosing the highest ranking cycle for development at this time for several reasons. First, the
flight Mach number of 2.7 chosen for the purpose of comparison with the GE4 may not be the most desirable
flight speed. The three airplane companies have performed independent studies which indicate the most
eccnomically desirable flight Mach number varied, depending upon company, from a low of 2.2 to a high of
2.55. Second, the relaxation of the restrictive take-off field length would favor the VSCE which is the
only cycle whose sizing is strictly limited in range by take-off field length and not by nolse. Last,
the rankings ignore the complexity, maintainability, and cost factors and are dependent solely upon
achieving the flexibility, performance, and weight assumed for each engine. A casc in point is the low
ranking of the DBE duc in large measure to ics relatively heavy weight. Whether this {s caused by a con-
servative welght extrapolation philosophy by one manufacturer or to an optimistic estimate for the other
two engines by the second manufacturer or whether cither or both estimates are valid cannot be determined
until a detailed part-by-part engine design is completed. Before initiating any such costly detail design,
the basis for the assumed component performance must be examined, For conventional components such as fans,
compressors, combustors, and turbines, the historical background and on-going research and development pro-
grams applicable to all types of engines provide a firm base from which to project performance and weight
estimates. However, it is necessary to verify the performance of new and advanced technology items which
affect overall engine performance or weight. Some of the more critical items in this category are reviewed
below.

A new technology item that has an important influence on the sclection of engine size and thus range
is the jet noise relief due to the coannular/annular effect. Although this effect was noted many years
ago, its potential benefits were not recognized until recently. Small-scale static tests have established
the suppression level over a range of bypass and velocity ratios for the coannular nozzle and radius ratios
for the annular nozzle and have been used as a base for estimating the relief for the subjent engines. The
effects of forward velocity, size, and internal stream mixing upon noisc suppressinn levels are as yet not
well known. Therefore, NASA has established a phased experimental program to determine their influence
upon noiso suppression and to provide a firmer basc for future noise prediction studies.

The development of a highly efficient sccondary burner is a particularly critical {tem from the s<ani-
point of meeting the anticipated hydrocarbon emission standard as weli as its effect upon fuel consumption.
Of all the variable~cycle engines, the performance of the VSCE is most vulmerable to duct burner design
changes that may be needed to meet the combustinn efficiency levels assumed. The higher pressure and
temperatures associated with the sccondary burners of the other two cengine cycles makes the problem of
attaining high cfficiency only slightly less difficult. To provide insight and guidance, NASA's Experi-
mental Clean Combustor Program was ealarged to include the study of duct burmer councepts leading to high

- o -

g j efficiency and low emissions.
'4!‘
oy The variable-cycle engines employ scheduled stator angle sectings in both the fan and compressor ele-
‘ ments which in combination with spool speed and exhaust nozzle throat area variation is used to cssentially
i a4 ! match tite inlet airflow schedule at maximum turbine inlet temperature. In addition, the stator angles are
LA scheduled to maintain the engine operating line on the fan and compressor maps near regions of best effi-

ciency. For the DBE, as the cycle changes from double to single bypass operation, the compressor must
accept approximately 25% greater airflow. This produces a difficult design problem of maintaining good

: = efficlency and sufficient scall margin over a wide pumping range. The assumed performance of the DBE

3 E depends to a greater degree upon the resolution of this design problem than do the other cyeles. Support
k - for a research program in this area has been funded by NASA.

The use of airflow path control valves for cycle flexibility is uniquely identified with the RVE and
DBE cyclea. Estimates of valve preasure loss for these cycles were based upon model tests, however, the
trade off of component performance and weight to achieve maximum averall system performance need more
refined design and teat data. In addition, the losses assoclated with mixing streams of differiovg cnergy
levels, the effect of leakage, and, for the RVE, the effect on turbine efficiency of a periodic circumfor-
eatlal temperature variation need to be determined to validate the engime performance estimates.

The SCAR engine studies have resulted in unusual design and control comcepts advocated by the epgine
manufacturers and verified by the atrplane company's systems astudies. Although they show signiffcant
range improvements as compavred to the GE4, further improvements may be posrible if the propulaion system
concept is treated as an entity. To this end, future satudies will involve the cooperative effort of rhe
engine and airplane manufacturera to identify meana of modifyimg the inlet, engine cyele. and nozzle by
trading cemponent performance and woight to ¢ither maximise range or minimize take-off gross welght.

7.0 CONCLUSIONS

An exaainat.un of the .3mge potenilal of three candidate variable-eyele engimes proposed for a second-
generation pupersonle crulse transport was uadertakea to determine the poasible improvements in performance
as cospared to that obtainable with 1969 techrirlogy represented by the U8, S8T GR4 eagine. The three
variable-cyele enginee ave descriptively designated as the Variakle Stream Control Eagiae, the Rear Valve
Engine, and the Double Bypass Engine. Coaparison of the rasge perfurmance of these englmes was made with
that of a fantasized completely variable propulsion systed used to represeat the poteatial upper boynd of
such engines. lIa addition, critical areas requirimg mew or i{mproved technulogy for caeh of tbe subject
variable-cyele eapiance are moted.

the aireraft configuration chosen for the study had an arrow-wing planfors with four eagimes mouated
{n separate pods heneath the virg., The take-off groes weight and payload were fised aad the engime size
and wing area were varied to achieve maximum range within certain operational rvestraints. The prismary
aisaioca vas a Nach aumber 2.62 hot day all-supersoalc cruise; houever, the effeeta of a 11i1-ka (600~0.-8i.)
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subsonic cruise clement at either the departure or arrival portion of the flight was considered. To
determine the effects of noise regulations upon range, the maximum range was calculated for engines
sized; tirst without any noise restraints, then to satisfy the noise eriteria dut without the use of
any form of suppression, and, last, to satisfy the nolse regulations using annular/coannular noise
relief or mechanical suppression.

The best variable-cycle engiune had about 252 greater range than the GE4 when no noise restrictions
wvere imposed and about 492 greater range than the GE4 for engines sized to meet the noise criteria with
suppression.

For engines sized to mect the noise iimit with suppression, the best vartable-cycle engine exhibited
a range of 758 of that of the fantasized completuly variable propulsion system while the GE4 had 53% of
this range.

The subsonic cruise requircment reduced the range of the variable-cycle engines from 3 to 6% but
reduced the range of the CE4 by approximately 19%.

“he range of the candidate variable-cycle engine is reduced only 2 to 62 by the necossity ro resize
the engines in ¢he event of failure to achieve any of the noise suppression assumed. For the same condi-
tion, a resized GE4 will lose 242 of its range.

Although major potential improvements in range appear possible with increased propulsion system
variability, il cannot be realized if the system woight must lncrease significantly to achieve the flext-
bilicy required.

The performance of any of the variable-cycle engines depends critically upon the attainment of the
predicted technology levels used tn these studies. To provide the needed technology, programs are
reqaired to develop clean duct/afterburners with efficiencies very much becter than present values;
to develop light, low loss valving to divert and mix strcams of differing energy levels; to develop
rotating engine components which provide the flexibility to accept wide variations in flew with acceptable
efficiency and surge marging; and, finally, to verify and understand the mechanism leading to the noise
relief associated with the annular/coannular jot effect.

8.0 REFERENCES

1. Nichols, M. R., Keith, A. L., and Foss, W. E., “The Second Generation Supersonic Transport, Vehicle
Technology for Civil Aviation — The Seventies and Beyond,™ NASA SP-292, November 1971.

2. Swan, W. C., and Kless, C. W., “Prospects for Variable-Cycle Engines,” JANNAF/AIAA/SAE Paper CP1-228,
November 1972,

3. Kless, G. W., and Welliver, A. D., "Variable-Cycle Engines for the Second Generation SST," SAE
Paper 730630, Air Transportation Meeting, May 197S.

4. Willis, E., "Variable-Cyeie Engines for Supersonic Cruise Afrcraft,” 48ch Propulsion and Energetics
Panel Meeting, AGARD, September 1976.

5. Howlett, R. A., and Kozlowr ., H., “Variable-Cycle Engines for Advanced Supersonic Transports,” SAE
Paper 731086, National Aercapace Engineering and Manufacturing Meeting, November 1973,

6. Byrd, K. F., Ofler, T. L., and Lichtman, E. A., "Military High Mach Exhaust System Philosophy,“
JANNAFZAIAA/SAE 8th Propulsion Joiae Specialists Coafereance, Novemder 1972,

7. Strisgas, E. J., and Aver, H., “lo-Flight Noise Suppression Studies,” Repozt No. CuR 300-69, Curtiss-
Weight Covporation, Jume 1939.

8. Allan, R. D., “Advanced Supersonic Propulaloa System Technology Study, Phase I1," NASA CR-134913,
December 19758,

9. Baber, ¥. T., and Swasson, E. E., “Advanced Superscaic Techeolos: Ccheept ASE~100 Charactevistics
Beveloped in a Basellme-Update Study," NASA TM X-228i5, January 1976.

10, Fetterman, D., “Preliminary Siatmg and Performance Evaluatioa of Superscetie Cruise Atrerafe,™ NASA
IN X-73936, Scptcaber 1976.

1i. Sameltzer, D. 8., and Soremson, N. E., “Teat of a Mixed Compression Axisymmeteic falet With Large
Transcale Mass Flow at Mach Number 0.6 to 2.65,“ KASA TN D=897), Deceaber 1972.

12. Smeltzer, D, 8., and Soremson, N, E., “Analytie and Expert.ental Performarce of Two Iseatropic
Auisyumetvic laleto at Mach Numbey 0.8 to 2.65." NASA TN D~7302. Juae 1973.

<7 T TR R T T ST AR R -r.r‘};wﬂ'




1) 89%1" (80%° 1) SEYT’ (OELY°T) 0z0s7° (L%6E°T) [£42 0 (3atjaa/oq1) B/i9/98 243 VIR :
100901) T8TLY (%2001) oty (896£1) 12eZ9 (Zv821) L 74 141 (33T) 8 248 vyu 3T IsnL Y “

c'0 %L°0 1Z66°¢ S995°1 op3es ssediy !
(L6°17 8007° ss ) :3:09 o (168%°1) SISt (y85L°1) £6L1° (3ar/an uqy)  K/A/IR CISNSLD I3 KED IE 43
(00€2T) S6166 (£%891) 0Z6%L (£56.1) 8586¢ (6%687) TLegil (39T) K *Isnand I3 KN
{00059) 21861 (00059) 21861 (00uSs9) CI86T (00059) Z1861 €13) © ‘apnygate 3udics

29°2 29°¢ Z9° 29°¢ 13m0 el IRy Ie

asgnad djuosiadag

(8L0°1) f0T* (€00°1) LIt (41) (6£098°) £LL80° (1898 °) S880° (391500 /uqT)  Wp AR C043 WIN
(0621) 0L£6LE (sgan Se1Zs (99¢11) L9508 (€£660T) 6683% (39T) & ‘Od48 DI I FInAgD IR

0°0 9¢ ‘0 7691°¢ £L0t°1 ISNSYI IS0 Xew I¢ opivs ssedig
(158°1) {81° T 1) 69%1° (rr)(61ez'1) 9521° (9195°1) 61LCT1° (3qT/3q7ugT)  K/3u/dy *Isnayd 190 4T Ie 54
(%09%2) €55801 (16881) CEGY8 (16522) 684001 {zzos2) COTTIY (391) K *ISKI(I 0 el
(0s1¢2€K) fI011T {(coost) 89901 (6802¢) 66601 (6809¢) 66601 (33) © ‘apn3pyle 34FILY

6°0 &°'0 6°'0 670 s3qune 4w IGFITY

IVINID DJROSqQNRg

(98°17) 9681° (0z'1) vt (8£80° 1) 15011° (996%°1) 8T’ {3t/ s mgl)y N/ /3R 043 pyo~age]
(000%9) 989%8Z (00£L9) €9£662 (189%9) [A 2 %414 (£%%99) 969982 €391) & °INIYD XwD pJo-FHER
(0%0€) w61 (0061) 18 €% ¢ (0067) 1161 (00s2) 591 (d,) X, ‘danivradmad IR LIEPUNIIS KER
(6822) zest (6082) 1181 (0082) 1181 (0083%) et (4,) X, °FInjesadual 12quy suIqan) wex

1:6°21 I AFA 112 1:91 o1Iea aanssaid auyiua (IRIINO

—— 0°%/L°T 8°s £t o)ins Isnssaad awy

0°0 sE'0 L 34 {51 opiwa asediy
(£92€7) $*9009 (6So09T) 9°6LZL (oLBED) 6°6€29 1009€ 1) v 9919 (uqp) ¥ *3qFpan supiuy :
(££9) 1°£82 (C0B/096) 6°T9E/9°SEY (006) 7°80Y (005) 7°90Y (33s/uqT) I3assIN *s1vs Aeq) IR |
{£fep pawpuels) v3ID 3ga NN q38A

(Ava 10H 2 .8 GIFTIVISNING)
SKOIIVIIAIDAAS ANIONT ‘1 F18vl

e e

ki B o e W

L amutlit a e e

(REITTIT TAOTEA W o R U

ot Y e S P



*3Y3yam ss013 J3o-vvel IJRADAFR JO SUOTIDVIF SP possaidxo sIqFjaa v

:azey

£€70° 1¢0" 120° 120° 9¢0° yBam jany prop
00z zse” Z6T* €L [4 ¢4 oj3ea Isnayl
(00SST)  wzLv (00€ST) %ZLv (oossT) vety (00SST)  wTiv (00SST)  vZLY (33) ® ‘apn3y3TYy
s9° (/¥ s9°* [+ 7 s9° IaquRu YyoeyR
(6€L") ¥6L0° z1°1) ZYIT* (981°1) 60ZT" (691°1) z611° (Lee1)  €ser (391/34/muq1) N/2G/9% ‘04S
120° L€0° 9t0°* 8€0° $Y0° -13j9a [on3 oIvaIalfe o3 INFRi)
%00* zt0* o10° €10° JAGK IYFgaw 1903 yorvoidde passyy
820" SCo* 920" 9z0°* §zZ0° IYTIIA 2439891 [IN) IIN0a «f
aazds 3y
89%v" 85Yy° 9% 7y (4 Iy2ten [ang jwio}
990" $60° €60° 860° L1 y3jam 1993 Ja13s92 [wIOL
z0y° €9¢° vie: €LL”° (19 Iq23om 1any pavang
0001 149" §96¢L"° 80€L” 2609° adura aaj3erey
86¢° LE9” 9¢9° 29" %9° ydyam  “Iuodsap jo pugy
166" STI19° 8569° 30¢9° 289¢ 9s3uvs aayieyay
209" €99° €9 9¢€9° 6%9° ysram  *asInad jo pug
699° 8z8* %06° 816 ° %65 ° OFIRI I¥NIYL
(L8E°T) wuoT® (Z8S° 1) €T91" (Tys 1) z6ST* (zzs 1)  gsst° (S%9°1)  £491° (391/3u/me1} N/29/3% *24s
0Z°6 96°8 91°6 60°6 96°8 oF1z3 3eip-3337)
(S9z09) 89£81 (0006S) €86LT (0T609) 9581 (09€6S) 26081 (0076S) €gFr2T (33) © ‘spmiyaty
126" Ls8° 288° s68° £99° I34F3a;, ‘asInad Jo 3iwlg
8090° €0T1T" 1260° LZ%0° 1190 a3uwa 24jIvIaY v
£L0° €01 811" SoT* Le1°* e 19Ng ¢ qQuITD
166" 86" 986 ° yR6"° 86° J30-9%¥3 jo pud I¥ JIyiyam
0} 3d32080p UOTISTR
G8G*° 80 S$80° $80° $80° YIzon protivg
iy sy’ 8y kad A €Yy £3dwo Iydyom Fujavwaadp
(z8) 5oy (s°98) VK24 (s°28) 8°20% (58 0°STY (s8) 0°S1Y (z33/uq1) Fu/3% *Jujproy 3ujy
(yze*) 31°¢ (09¢°) €5°¢ (sze") 61°¢ (Lze*) 1Z°¢ (eg*) %zt (@qr/3q1) 35t/N ~Suppror Isnmiuy
8660° £6T1T" SEo0T” 9zZ01" y101° MP3on mIsds uoysndoayg
{9¢9) €°79Z (892) LT L%e (z18) €°89¢ (0z8) 6°TLE (88S) £°992 (99smqy) J29s/3q ‘moyjaye awjIus Jwujmon
T0J34T 3093p IIwISITY
ot | dqa Jad JOSA %3d
S3UF213ISaY ISION ON (®)
JINOSHALNS TIV — SINIWITI NOISSIK °II FI8Vl

s

P e

T T Ty 1

NI

RSP - SR

. - TN 5 ~ ey
€ at s nore el e e

e
&




120° 220° 20’ Z€0° ydyan 1903 pion

A9 812° 091 $91° oraea 3Isnayg
(00SSTY 97.y (000cz) 72LY (00SST)  %TLY (00SST)  %ZLy (33) w ‘opRITITY
0s° <L oL* $9* I3qune yoey
(0ZT°T) z2vIT* (Loz 1) eI ($8T°1) 80ZT° (0zy'1) 8vy1° (3Q1/34/uqY) N/34/89 *24S
8€0° 8£0° 8€0° $s0° 3y3yaa 1on3 ajeuialtw o3 ISTNLD
€10° 110° %70° 8c0° y3gaa 1ony goroidde possy
(AN szo° 920" 810° 2yan aA19892 Tanj Inoa Ul
A2
Ley* sy 99%° 06¢° ydyan a0y twicy
960" 160° coT* €€T° IYSyan 1anj da13s21 [¥I0L
T9e” cge” 99¢ " sz 3y3jem 1an3 paving
6929° Ax 1A €vTL” 695¢€° a3uea IajIvian
659" S¥9° vE£9* e€ve” Tyam  INSITOP jo puly
0£95° 8TY9* T959° 60%g " a3uex aajIvToy
9 999° 259° £€99° £SL* Iydyem  ‘asyna> 3 puly
3 9LL° 958" g6y zene orIe3 3SMIYL
3 (295°1) ¢€e6ST” (€95° 1) %6ST* (8TIS°T) 8YST* (0€S°T) 09sT° (391/aq/uqr) N/34q/3% 048
. 186°8 660°6 £L0°6 %06°8 oyiex Seip-3311
3 (0006S) €861 (05819) 15881 (S5€6S) 16081 (0Z819) Y881 (33) w ‘apn3gITYV
z8° 68" 168" z63° yByan ‘eFInId jc awIg
2 1880° £890° 160" 01€£0° a8uex say3eiay ¢
2 8zT" €otr” €0T" 80T1* ydyan 1904 ¢ qUITD
> 986" 986° v86° 78C* J30-a1wl jo pud 3w IyFyap
©033d32983p UOPSIIN
$80° $80" $80° $80° WIgon pectieg
8LYy” €9y° 6%%° szs* KL3dwa yByon Fujrviadp &
(0°%8) T°0TY ($-z8y 8°CO% (0°s8) 0°STY (%) €°19¢ (z13/w31) z®/3n *duiproy Sugp !
(06£°) €8°¢ (89€°) 19°'¢t (zve')  se°c (/6%°) (8% (ug1/391) Bx/8 ‘Fuppeoy Isnayg :
6SET" 811" Lot 9%91° ydyon masds uorsindoag :
(0°z€8) %" LiLE (v°6T6) 0°L1% (6°958) ('88¢E (1°988) 6°10% (995 /uqT) 298/3 ‘moljarw Iujtuas TvuTmoR

wojp3dpaosep IFRIVITY

jct: b anyd 30sA %49

uoyssaiddng ou ‘gpNdd 0T (9)

(penuriue)) DINOSHYIANS TIV — SINAWITI NOISSIH 11 FATAVLI

RFTIY 2 At S N PR




120° 120" 1z0° 620° 3y3yam 1on3 prod
FA% 681" €LT" 61" o)3jea Isnayl
(00SST) %TLY (00SST)  YZLY (00SST) wILYy (00SST) %TLY (33) w ‘epnayITv
0L 59 0s° <9° Jaqunu ydeR
©zZ1°1) ZYIT® (6T61°T) StTZT® (8891°1) T6TT" (§9€°T) T6ET" (3q1/ay/mqY) N/32u/3% ‘D48
LEO" L€0° 8€0° 6%0° y8yam [anj ajenialfe 01 ITFNI)
10" 010" €10° 1z0° Iy81am [on) yorvoadde passIy
Sz0° 920° 920" zco” Iydrom 9A19s91 [9NJ 23N02 U}
810599
$sy° 594 Ty 3 A y3gem fan3 [eIol
$60° %60° 860° | 4 & Iy3dzem Jonj aa19891 [E3IO}
9g¢g " TL€° €L€° LIe” Iy33am [an3 pauang
1959° 88YyL” 80€L" £€vIs” 23uez aay3IP(oy
49 629° L79° £89° Iy3yam  ‘IuadsIp jo pul
0565 " 7889° 80L9° 589%° a3ue1 aaTINT2Y
059" S€9° 9¢9° 269 3ys3ram  ‘osynId jo pul
128" 888" 81¢" L16° oTIE: ISnayy
(6£5°T) 0191 (S09$°T) T6ST" (T2S°T) TSST* (zes 1) z9st® (391/ay/wqT) N/34/3 *0o4S
96°8 ST°6 60°6 918°8 ojjea 3exp-3311
(0006S) €86L1 (09809) 05S81 (09€6S) 76081 (0006S) £86.1 (33) w ‘spmIyaTV
098" 588" 68" 6:8° y3yem ‘osInid jo 33eIS
990T1" 6980° Lzyo-° vy%0° a3uel JAIITIIE Y
ovr* SIT® soT” ozT* ys1em 103 ¢ qUILD
986° 986° 486" 786° 3jo-o%el jo pud Iv Iulyam
w03y 3d310S9p TOPSSTK
$80° $80° $80° s80° y2jan prolseg
9% osy* Lad N Ly £idwe 3y3y2m Suglesado
(s°98) €£°2¢% (5°z8) 8°Z0Y (s8) 0°STY (0°18) $°S6¢ (z33/uqY) zm/3q ‘Buppeoy Juim 7
(v9g°)  (S°¢€ (1ee-) sz°¢ (Lzet) 12t (z6e*) v8°'t (2q1/391) 3%/N ‘Sujprol Isnagl y
L2 TA N 8SuUT" 9z01" 68C1" 3y33am wolsis uvoysyndoxd 1!
{1°9LL) €£°I5¢ (0°878) 9°SL€ (¢-0z78) 6°T1LE (¢°869) (°31¢t (93s/mq1) d9s5/3q ‘mo1jate aujdus [rujuOR
woy 3djaosap IFIIITY
r

ck:(ed anyg I0SA 749

uoyssaaddng yyIMm ‘gpNdd 80T ()

(pepnTou0)) JINOSIAANS TIV — SINIAKITI NOISSIN I ITdVl

-

T

TESTTTEROYSE SR




*34y3rom ss018 730-9WEI IJRIDATER JO SUVOYIDVIJ 5B possordxe siydyam [TV 230N

120° 1Z0° 120" 620° 3y33on 1903 PIoH
(00sST) vTLiY (00SST)  YZLY (00SST) vTiYy (00SST) YTy (33) w ‘apn3yaTV
oL* s9° oL $9° Iaqunu yoey
zT"1) ZTYIT® (zZ61°1) STV (961°T) Z6IT" (S9€°T) zT6ET" (3q1/24y/wqT) N/3Y/qA ‘D4S
L£0° FAx ' 8€0° 6%0° IYy3yam Jan3 aJueBIDI[R 0] ISENI)
ZT10” 010° €10° 120" Y3Iyam Ton3z royoersadde pISSIR
¢z0° 920° 920" [441 4 Iy3yen 9azasaa Jon3 23nox vl 3
S9A3959Y -
5y S9y° Ty gy 1y3yam Ten3 TEIOL .
S60° ¥60° 860° T Iy33em [onz 9A39591 [EIOL
LET9° v1ZL” T90L° €zey” aZuea dAF3IETIY
Lae' 679" £29° £89° Iy33om ‘Juodsop jo puz
9S8 8099° 86%9° §9L¢° a3uea 2a73ETIY
0s9° GE9° 9¢9° 269° I4y3yem  ‘asynad djuosaadns jo puy
£Y18° $968° Li4AN 2742 OF3e2 3Snay]
(926°1; LO9T® (196°T1) Z6ST” (€26°T) €SST” (ZES"T) €951 (3q1/34/mq1) N/ay/3% “04s AR
888°8 S0T°6 70°6 7168 or3ea 3exp-1371 W
(06T09) 9¥E8T (SL%79) %061 (06609) 68S8T (s8119) 64981 2pnITITV 5
L6L° 1z8° 628° £8L° I43yapm ‘esynad Ojuosaadns jo I3e3S ¥
28" 688" v8g* 8 ysyen *35Tn10 Syuosqns 3o pug &
: 059¢" 000¢ * 0sLe” £eyve” oF3ea 3ISNAYY :
=z (86T°T) zzZTI* (TT°T) 9€1T (180°1) <ZOTT* (6%5°T) 081" (3q91/aq/mqy) N/ay/3q *04s
[ XAl 48 91 TE° %1 06°¢1 oFaea Feap-13711
i (0000Z) 9609 (0000Z) 9609 (0000Z) 9609 (00002) 9609 (33) @ ‘opn3yITy
096" §96° 656° %66 ° y3yeM  ‘osTnad SIuosqns Jo 1IwIS
4 986" 9g6° ¥86° 186° 330-9%E3 3o puwd e I4Fyop
L wo}3d7I089p BOFSSE
( y9y° osy* Yy Ley: £3dwo 14379m 3uyrezadp
2 (5-98) €Ty (6-28) 8°Z0% (0°58) 0°STY (0°18) G °G6E (z33/mqr) Zu/3% *3uypeoy Bnjy
(Y9E°) L6 € (1E€") SZ°¢ (Lees) 12°¢ (z6£°) Y8t (uqr/391) 3A/N ‘Surpzor IThay)
L4740 860T1" 9z70T1" 652T° Iy3rom worsls uopsyndoag 1
(L°9LL) €°TsE (0°878) 9-°5Lt (0-0z8) 6°TLE (z°869) °91¢ (99s/mq1) S9s/8% ‘moT3atE Suydus JEUTWON
go33dyIosaop 3I3RIVIAFY
3 ot (ed and JOSA Y39 3

2anjaeda asyna) ojuosqng (e)

£ NOISST4d4dNS HIIM EPNdd 80T — ISIMEO DJINOSHNS FTIR IVIILAVN 009 ;
SINAWATA NOISSIH °*III I19vl 23

P—

.- i as e
I JEN I R N s




120° 120° 120° 620" I4y3yem jon3 pioy

(00SST) vILY (00SST: %ZTLiY (00SST) %Ly (00SST) wZiy (33) w ‘apniyaTV
oL €9 0L: $9° laqunu YoeR
ozr°1) ZTYIT® (z61°1) ST1ZT* (69T1° () zZ61IT® (99€°T) €6£1° (39T/24/wqT) N/34/3% “04as
LE0° L£0" 8€0° 6%0" JYy37om Tanj Ijeuaadl[e o3 IsSIni)
zt0° 0t10° £€10° €c0° y3yan [on3 yoeoadde possi
LA 9z0° 920° 020° Iy33om 9A29%91 19n3 9In0a U
saazasay
sy S9%* Ty gey* IY3yaa 1an3 feiol
S60° ¥60° 860° 1zZT1° y3yaa 1an3 2ax9821 Jeiol
LET9" ovees 600, I8¢y ° a8uea aayjeTay
w9* 629° 229" £89° Y3y ‘Jusdsap jo pugz
059" %£9° %£9° 689° Iy3yon ‘38FNID Dyuosquns jo puy
81%* A% y0¢* L62° o¥Ie3 ISnaYL
(SST°T) 8BITT” (v£0°1) G601" (6%0°T1) 0.0T"° (Z8%°1) TIST® (391/2q/uq1) N/Iw/3n ‘0xS
90° %1 ¥ 91 91" %1 086°€1 oxIea 3vip-13311
(0000t) %¥I6 (0000€E) 916 (oooog) wv16 (oo00E) %%16 (33) w ‘apnijaty
cTL” 069° 889° SLL” IY3yam  ‘esInNIdD Ojuosqns O IIEIS
[44A% o 0€ES” 6815 S09¢° a3uea aarjeTay
yIL® 69 169° 6LL* 43y  *asynad ojuosizadns jo puld
128" 888° 81S° 0€s OF3e3 ISNIYY ‘
(6£5°1T) o191" (T95°T) 65T (zzs 1) zssT® (0ES°T) 09sT° (391/aq/aq1) N/34S3% *DaS M
796°8 ST 6 880°6 iv8°8 oF3ea 3wap-31331 :
(00065) £86.1 (SS809) 8%SST (09£65) 26081 (0006S) €86L1 (33) m ‘opray3TV
098* s88° 568" 6L(8° 3y3ram *I5INID DIVOSIVENS JO IIEIS o
986° 986 ° ¥86° 186" 330-9%¥B1 jO pud 3I® IuFyom
10y 3dJI0SIP UOPSSIR
9y osy* oy Ly £3dw> 348yom Su3eaado
(§°98) €°2¢y (s°z8) g-Co% (0°sg) 0°STY (0°18) € G6¢ {z33/mq1) zu/3% ‘Buipeol Builm ¥
(y9¢°) is°¢t (tee) LAl ¥ (Lze°) 1T°¢€ (z6t°) 78°¢ (791/391) 34/N ‘Suypeoy 3snayl 3
T4 8S0T" 9zot1* 682T1° 3y33om wa3sis uoysindozg ,
(5°92L) zT-zse (0°£28) 1°Si€ (0°0z8) 6°TLE (6°869) 0°L1€ (o9s/mqT) 29%/3% ‘A013aTE SuFBUS Tewjuoy
wo33dyI0Sap IFjEAdATY ]
Jda and 30sA $3o A

TeAyxay IsEna) dyuosqng (q)

(pepnToUC)) NOISSAYAANS HLIIM €PNJA 80T — HASIMED DJINOSEAS TTIN TVILLIVN 009
SINIHATA NOISSIH “III ATAVL




VARIABLE COMPRESSOR
LOW EMISSION DUCT-BURNER

VARIABLE

FAN —\

VARIABLE
NOZZLE

INVERSE THROTTLE SCHEDULE PRIMARY BURNER

(a) Variable stream control engine (VSCE).

TWIN TURBOJET

DUCY BURNER ON
: -—‘"?\/- NSe==

DUCT BURNER OFF
TURBOFAN

(b) Rear value engine (RVE).

TAKEOFF AND SUBSONIC OPERATION

CLIMB AND SUPERSONIC CRUISE

(c) Double bypass engine (DBE).

Figure 1. Variable cycle engines.

NOTE: DIMENS IONS SHOWN IN METERS
WITH FEET IN PARENTHESIS

41.95
131.7118)

e
k - 96,012 (315,000 ———

Figure 2. General arrangemeant of the airplane.
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TRANSLATING CENTERBODY ENGINE FACE

(a) 1Inlet schematic.
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(b) Inlet pressure recovery. (c) Inlet airflow schedule.

Figure 7. Inlet description.
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Figure 9. Maximum range comparison for all
supersonic mission.
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DISCUSSION

H.A.Goldsmith
The effect of the co-<ainnular silencing phenomenon on range at fixed noise appears to be remarkably small,
particularly for the VSCE engine (Figures 9 and 12). s this a correct interpretation?

Author’s Reply
Yes. However, this is a result of a rather restrictive assumption of a takcoft field length of 3,200 m (10.500 ft.).
The VSCE engine sized to meet this takeofT ficld fength exhibits a noise level 4 EPNdB less than the allowable FAR
value of 108 (untraded). Increusing the fickd length to 3.810 (12,500 ft.) would have permitted the co-annular
effect to be more effectively used to meet the noise limit with a consequent increase in range of approximately five
pereent.

J.F Chevalier
Dans le moteur RVE  Ces moteurs ont une température de réchauftc de 1311°C d’aprés votre papier, n'est-ce-pas?
Dans le cas du moteur DBE ¢a doit correspondre & une élévation de température trés faible dans le flux secondaire.
On serait tenter, done, d'essayer un double flux, sans chauffe du flux secondaire, et légérement plus gros, de méme
technologie. Estce que 'on a'aurait pas un bon résultat également?

Authr's Reply
In reply to the first question - The maximum outlet temperature of the secondary burner is indeed 1311°C. The
secondary burner is not a reheater but a combustor which is used during the “twin turbojet” mode of operation to
heat the airflow entering the rear turbine clement.,

To answer the second guestion  The use of an advanced turbofan engine without reheat for propelling an aircraft
to a4 Mach number of 2.7 would lead to a prohibitively large engine. Although the good specific weight (weight per
unit airflow) and specific fuel consumption are attractive, the low specific thrust requires large airflow rates to
achieve the thrust required to aceelerate and cruise at the design speed. Reheat applied to the bypassed airflow of
such an engine would result in a cyele basically similar to the VSCE.
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USE OF ENGINE VARIABLES
TO IMFROVE MILITARY PERFORMANCE
by
NeGe HATTON and B. SWANN

Rolls-Royce (1971) Limited, Derby England

SUMMARY

Mtlitary aircraft require superior emgine performance over a wide range of
flight conditions which in some cases involve operation far from the engine
design pofnt. 1f the cycle can be varied by geometric changes to allow
operation ncarer the design point then there is potential for significantly
improving engine performance.

This paper covers scveral such cases, first examining the cycle changes
which could be of wvalue, then the consequent geometric changes that wuuld

be required. The effect of representative losses duec to cycle and
geometric changes are illustrated and with the {nclusion of these not all

the cases examined indicate success for variable cycles., liowever, with a
theoretical {nvestigation of this type it is considered to be wovrth including
even these.

SELECTION OF CASES TO BE INVESTICATED

This paper i{s restricted to conventional aireraft in that it does not include those with VTOL
capability. The selection of cases worth investigating therefore resclves itsclf into looking
for parts of the flight plan well removed from engine design conditions.

We have considered engines of moderate bypass ratic designed at sea level static conditfons, which
again is conventional, Figure 1 shows, typically, how far the airflow and turbine inlet tempez-

aturce of these eugines fall away together at low corrected speeds and relates these to the flight

condition.

Using this diagram three €light conditions have been selectedse

Low Theust Requirement, ae low Altitude and Low Mach No.

This condition covers combat aircraft with a long cruise or loiter requirvement and maritime
reconnaissance atreraf . For the cases in mind altitude would be in the range 0 to 1500 metves
and Mach No. from 0.3 to 0.3. The thrust requirement could be as low as 12 to 30% of the maximum
engiue thrusz at this condiiicn and leads to the lowest corrvected speeds at which performance is
of importance. The fuel used heve can be a very significant fraction of the total mission fuel
requivement 20 that the tavget 14 to atrain the lowest possidle specific fuel consumption.

Maximum Fhrust at Sea level at Forward Speed

Even at maxfmum terbine fnlet temperaturve the correeted speed of the engine falls with lacrease

of forward speed due to {mcrease {n inlet terperature and by the rime the Mach No. range 0.8 to
1.2 ts reached the corvected airflow has fallen by 10% to 15%. Scope thevefore exists for
restoring the cyele te neaver the deslgn point and so fmcreasing thrust. Restorvation by a system
of vartables would have the merit of fucreasing thrust wvithout the overstressing and reduction

of engine life tavolved in merely opening the throttle and could give lower fuel comsumption.

Maxtsun fhrust at Alcitude

At higher aleitude similar considerations apply as at sea level when the maximum thrust is
vequired. However, due to tha lower ambient temperature the corrected speed of the ergine does
aot £all severely uutil higher Mach No. At 6ka the Mach No. rasge 1.2 to 1.6 is weeh exploriag
and at th.ce highee flighet cpeeds a rcoheated engine is assumed.

gases Involwving High Corrected Speeds

A restriction on thrust could eesule from the engime ruaning at higher corrected epeeds than
design, for example, im the stratosphere at subsoaic speeds vhere the compressor flow wmay choke.
Wowever it is dtffieult to conzfder means of avoldiag this vhich do not amounet €0 desigaing the
englag to pass mave ateflow from the outset with conzequent lacreased sie and weight. This
aspect has therefore wot beea comeideved.

i
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2, IMPROVEMENT IN SFC AT LOW THRUST, LOW ALTITUDE AND LOW MACH NO.

Pigure 2 shows in sirple terms what is potentially available. A typical fuel consumption against 4
thrust curve is shown with the shape usually observed, namely an improvement in SFC on throttling
from the maximum thrust to a minimum value followad by a deterioration as thrust 1is reduced further.
Military aircraft operating subsonically commonly have to operate on the rising left hand side of
the curve for long periods, and a saving in fusl could weil be worth the cost involved.

The SFC can be expressed in terms of the thermal and propulsive efficiencies of the cycle.

K Vo
z THERMAL x ¥ PROPULSIVE

SFC =

vhere Vo is the flight speed and K is a constant

The thermal and propulsive efficiencies are also plotted in Figure 2.  With reduced thrust,
thermal efficiency £alls due to reduction of cemperature and pressure but in principle thermal
efficiency could be kept constant {f tempercture and pressure were msintained constant by geometric
variables. Propulsive efficiency on the other hand increases because airflow does not fall so
rapidly as thrust. However, if flow could be maintained constant the propulsive efficiency could
be still higher.

It can be shown that if both these aims could be realised the SFC curve would follow a linear re-
lation and would fall to astonishingly low levels st low thrust, offering s prize well worth
investigating further.

The case which has been taken for further examination, from a number of possibilities, is a
Maritime Reconnsissance mission at sea level with Mach No. 0.3. The operating p~int is in fact
the point indicated on Figuze 2. The thrust is assumed to be only 13% of the maximum available.
This may seem exceptionally low, but the location on the SFC loop is not untypical of other
military missions.

The design cycle is as followat

Bypass ratio 1.5
Pressure ratio 20° o
Turbine entry temp. 1600°K (at 303K compressor entry temp.)

The engine is assumed to have 2 shafts and to be of sinple configuration in which the flows split
downstrem of che LP compressor. This measns that with s separate jet engine theze are four
geomatric variables which can be used activaly to control the engine cyclese

HP turbiae capacity
LP turbine capacity
Primary nozzle area k
- Bypass nozcle azea ;

f} With a mixed engine there is only one final nozzle but there are still four variables as a fuvther
variadle is the ratio betwecn hot and cold stream areas in the wmixer.

2.1 Effect of Cycle Changes on SFC (Severely throttled operation

Figure ) shows the effect of gradually restoring the cycle operating pavameters from the low values
at the throteled point to design point values wvhile keeping the thrust coascant.

Sepavate jets are assumed and the fivst step is Lo covvect the jet velocity dalance. The primasy
veloclity to bypass velocity rvatio s woo low and {8 {ncreased by nozsle avea changes to the optimunm
value. This s woreh 2k% of afe and this optimue {5 matutained for the remaimder of figure 3.

,
T AL e e

P

. Thermal efflciency is next vestored by temperatuve and pressure {acvease. Together these reduce
l" the fuel by no less nhaa 40% ard clcarly (mprovemsat is obtatued moxe rapidly by lacweasing

; teupevature before tucreasing pressure vatio.
)
5

Restorvation of tde desfgm covrected airflov {mproves the propulstve efficiency to give the total

saving of fuel of 474, Due o secondavy effects like offtakes and duct losses this {s mot w0

great as predictsd from the almplified trvataent of figure 2 but seill vory well worch further
1§ favestigatioa.

Wwuever the charges which ave mecessary to produce this effect are vather discouraging. As a
weasure of cycle change the bypass rvatio tmcreases from mear 2 6o ower 20 for full vestoratiom.

the area changes showm tr figure 4 are very large. Of wmost {mportamce, all three area restricte

N ;v tons costrolling the cove Elow have to be decreaszed very cevevely amd move or less §m step. It
E . T atght have beea hoped that the firce step in change Of geometry would have given 4 disproporticaats :
. gate in sfc but this s 60t co. To pails the fiest 208 improwement i =fc a reductivm in WP 5
- " tugbiae capacity of over 50% (ard corresponding changes ia the other wozzles) wuld be seguired. )
- ]
. g For a mixed capine the as-umptior &n wmade that the total wixew a3ea (hot ¢ cold chuges) &= corstant.
LS Fig.$ chous that the pleture ia Quite similar €0 the sepatate Jets case wich the hog cbute atea 3

-

veplalag the primary aezele.
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2.2 Effect of Cocometric Changes

The previous section has shown the effect of imposed cycle changes and given some idea of the
geometric changes that would be needed to achieve the cycle. The next step is to take the given
engine design and find the direct, fndividual, effects on sfc of changes in geometry. A seperate
jets contiguration is considered.

Assumptions must be made about the losses thar are caused by the variability. 1In the turbines

it is assumed that where losses occur they will be due to change of capacity caused by variation
of the {nlet nozzle guide vanes.

The variation of loss is shown in figure 6 and is taken from early Rolls-Royce tests. The level
of loss no doubt can be improved and the effect of its total elimination {s shown later.

Extra indirect loss may also occur in the turbines duc to movement away from the normal operating
points. This will also happen in the compressors with the additional problems of movement

of the operating point towards the surge linme .r towards choking with possible structural! hazards.
Variability in the compressor tivrefore may also have to be invoked.

The magnitude of the penaltfos due to movement of component operating point clsarly depend on the
component characteristic assumed. The components used are representative of conventional engines
without variables and it is possible that a rematching or re-design of tho basic component to cope
with the demands on working point movement would be necessary. The effact of totally eliminating
these losses is shown later.

[
& 2.2.1 Results with Full foss i3 Turbincs and No Variability in Comuressor

The most pessimistic assumpticns are made injiially that the full turbine losses diseussed above
are present and that the compressors have no buile in, variability. The resules in figurs 7
reveal a conspicuous lack of success, as <mall gains (at best 14%) arc only obtained for reductior
: of primary nozzle arca and reduction of HP turbine capacity. This is duc mainly to component

o detorforatfon. 1In the turbincs it was observed that HP turbine variability caused only HP turbine
2 loss and LP turbine variability caused only LP turbine loss. There were no si{gnificant inter-
action effects. The loss of ecfflclency is plotted {n figurc 8 and indicates appseciable addittonal
losses due to working point movemcnt and suggests that the turbines could have been better matched
to cope with the variability. On the LP compressor, figure 9 shows thar only the bypass nozzle
caused movement away from the working line, while on the HP compressor (Fig.l0) reduction of WP

A turbine capacity causes severc movement towards the surge line and reduction of LP capacity a

: slight movement in that direction. The basic engine {s well matched zo the highest efficiency
region so that any movement will lead to additional losses.

A summary of the effects of the four component chauges {s as follows:

VARTABLE SKC_IMPROVEMENT COMMENT
Pricary Nozzle Area 1.5% Max. {mprovement with Improvement due o veduction {n
20% area reduction jet veloeity ratio soon overtaken
by teducing HP coupressor
\ efficiency
Bypass Nozele Area The expected {mprovement - Inprovement due to increased flow
due to increased flow with and reduced jet velocity ratio
tncreased arvea does not more taan offset by reduged LP
material{se compres.ov ¢fficlency and bypass
! duct loss fncrease
2 HP Turbine Capacity 1% maxtmum improvement with Improvement in cycle (incteased
I 3% capacity veduction temperatures and pressure)
I

overraken by vapidly imcreasing

% up turbine and HP compressor
etficiency loss

g L Turbine Capacity No t{mprovemeat with peduged Small net tmprovement fa cycle

@ LP curbine (temperature up, pressure down)

Y

move than offset by LP turbine
effictency lose

SN L
R g

The comclusiom must be that gatn {e pev{esmance i5 being limlted i each case by the addicicmal
. loases which are deing fntrodyced.

2.2.2 Result with bosses due to Mowvement of Workisg fines Pliminared bue loss directly due to
Yurbine Gggaegez Gganges Retatned

P

A sope eptieiceie assumption i nov wade that the tatpoduction of vartables om the comprescors

i wuld elimtnate any decerforetion in cfflctency (9= wall a: avoiding surge). Stailarly che loss
; of effictency ta the curdine due to workimg lipe sovementy fs assumed elimimated due €0 a coabine
4 aties of rematehing 4nd redesipga.  the dtecer loss due %o rurbine vartabilicy igeelf is retained.
by the resuleiag gain & partermance s howover oaly aarginally lacreaced as shown by cospartng
;S £42.0h uiek 52,7 aad Pequive: o aveate?r pecmetrie chamge to take advaatage of it.
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Results with all Losses in Iurbomachinery due to Varlability Eliminated

This change can improve only turbine capacity effects. For the first time (as shown by fig.12)
the reduction in SFC due to HP turbine capacity Is quite large. However this is by far the most
difffcult variable to use for both mechanical and aerodynamic rcasons.

It is worth stating what would be required to achieve say 5% sfc improvement due to the latter.
(a) No HP turbine loss with a 22% reduction im turbine capacity
(b) No HP compressor loss with a 15% reduction in flow at a pressure ratio.

This sets the designer a next to impossible target and the effort could be incommensurate with
the possible gains.

Combinations of Variables

Particular combinations of variables however could be more successful than the sum of the indiv-
tdual effscts. From the cycle investigation shown in figures 3 and 4 it appeared that all three
geometric variables controlling core flow should be changed together. Applying this to the engine
design being investigated and the most optimistic component deterioration assumption, all three
capacities were reduced by 50%. The SFC reduction was 20% largely confirming the simple cycle
calculations.

How a variation of this magnitude could be implemented practically is not too clear. One way of
reproducing the cycle effects on a multi-engine situation would be to have the HP compressor of
two engines feeding the combustion and turbine system of only one. This would involve elaborate
ducting and cross shaiting but would not need actual turbine variation.

However since a multi-engine situation is inherent in this scheme the simpler possibility exists of
merely closing down one engine of a pair and opening the throttle of the other engine to double

its net thrust. This takes advantage of the shape of the SFC loop and in the case considered

the reduction in fuel can be seen to be about 20% also.

INCREASE THRUST AT FORWARD SPEED

To assess what scope exists for {ncreasing thrust at forward speed the first step is tuv examipe
the operating conditions of a convertional engine against the assumed design point at sea level
static.

The engine cycle considered is as follows at design pointi=

Bypass Ratio 0.5
Overall Pressure Ratio 20
Turbine Entry Temperature 1600°K (at 303°K inlet temp.)

Reheat capability is assumed and therefore a mixed stream engine. Fig.l3 covers both the 0.9
‘ach No. sea level, and 1.6 Mach No, 6 km cases and shows that the corrected flow is well below
design, as is pressure ratio particularly on the LP compressor. Also the actual LP shaft speed
is below design so that the prospects lvok good for appreciuble thrust gain by exploiting this
underused capacity.

The simplest way to increase thrust is merely to open the throttle and it is against this action
that all other possibilities have to be judged. It would be possible to open the throttle until
the aerodynamics are restored to the design conditions but by this time the turbine entry temper=
ature, the compressor delivery temperature and the speeds would be excessive.

The aim here is by means of variables to exploit the full aerodynamic capability of the compressors
(together with LP compressor speed restoration) with minimum increase of operating temperatures.

The variables at our disposal cen be listed initially ass
(a) Final Nozzle

In a reheated engine this is an inbuilt feature
(k) Mixes

Wwithin a constant total mixer area the hot area can be increased at the expense of the
cold,

(¢) LP turbine capacity

(HP Turbine capacity change has not been considered. It is the most difficult to
achieve and preliminary work showed no merit in its use).

To help in understanding which way the cycle should be changed to give most thrust the results
of simple cycle calculations with constant efficlencies are given in Fig.l4. The total corrected
airflow is assumed to be restored to its design value and the turbine entry temperature (and reheat
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temperature) is held constant. With constant temperature and constant HP nozzle guide vanes it
can be shown that the core flow is directly proportional to the overall pressure ratic. It is
seen that on this simple basis at 0.9 Mach No, 18% thrust increase is predicted (mainly through
increase of core flow) and at 1.6 Mach No, reheated, 41% thrust increase is predicted (mainly
through increase of the total engine flow).

Applicatfon of Variable Geometry

1t appears from the foregoing that the key to increase of thrust {s in the LP compresser either
via restoratfon of airflow or restoration of pressure ratio or both. The working line on the
compressor has therefore been shown in Fig.15.

A working line with throttle opening is shown compared with the effect of incceasing the three
selected geometric variables, Two variables produce movement in more or less the right direct-
fon on the LP compressor (while the LP turbine capacity effect is largely confined to increasing
the pressure of the HP compressor). The diagram suggests that a judicious combination of finz)
nozzle area and mixer hot area increase would give a large thrust increasc and cculd leave the
operating point on the normal working line. This would eliminate the need for uny special
variable on the LP compressor,

This diagram also raises the question of limfts. How far should one push the flow and speed
increases involved? It {s difficult to fix hard and fast limits since one parameter can be traded
against another. However the following tentative list was drawn upie

(a) LP compressor corrected flow not to exceed design + 5% (with LP pressure fixed as the
corresponding point on the normal working line).

(b) HP compressor corrected flow, not to exceed design +10%.

(c) Shaft speeds. Precise limits are not assigned to these as use of variables in the
compreseor could sllow the speed at a flow to be decreased somewhat. Cases to be
considered on merits.

(d) Compressor delivery temperature. No limit is set for this, as it must be regarded
as a main parameter in asscssing the success of the operation. With sophisticated
turbine cooling systems it is at least as valuable in terms of turbine blade life
to cool the compressor delivery cooling air as it is to cool the turbine entry
temperature by the same amount,

Thrust Increase at Mach No. 0.9 Sea level, Dry

In assessing the merits of the alternative ways of thrust increase a target of 10% increase is set.
Results in Fig.lé are given both with constant component cfficiency (the most optimistic) and the
most pessimistic standard with full losses in the turbines and fixed compressor characteristics
(the latter given in parenthesis).

Considering the optimistic standard first the best varifation would be a combination of increased
final nozzle and mixer primary chute.With a thrust increase of 10%, the SFC is slightly better and
the compressor delivery temperature is only 7 K in excess of the throttle opening case to set
against saving the 53 K increase of turbine entry temperature that this would involve. This

would be quite attractive. However with the full loss standard only 5% thrust increase can be
achieved with this combination of variables and the advantage in terms of SFC improvement and engine
operating temperatures relative to throttle opening has been lost.

The thrust gain found here could have been larger if it were not for the penalty carried for the
reheat capability of this engine. The pressure loss is assumed to be 5% at design but with
opening of the nozzle this increases severely. However if in the context of this paper we can

be allowed the luxury of a variable rcheat system with gutters and possibly fuel pipes stowed away
when not in use then the pressure loss can be largely eliminated (to say a nominal 1%). The
performance even without the other variables is improved by mearly 2% of thrust and SFC and this
is included with the gain due to the other variables in Fig.l7. The max. gain allowing for a
practical loss standard in the other components is then 8% at which there is a better SFC and
overall lower operating temperature relative to a fixed engine with throttle opening.

Increase in Thrust at Mach No.l.6, 6 Kmn, Reheated

At this condition the use of varlables is move successful than the non-reheated case just conside
ered, The competition is not so severe since to get 10% more thrust at a given reheat temper-
ature by increased turbine temperature now requires 82°¢ rather than 53°C (Fig.18)s A combinat=-
ion of final nozzle and mixer chute area is still the most promising and at this flight condition
is much less subject to deterioration by the introduction of a practical loss standard. Even
assuming this, a gain of 10% of thrust is predicted with no increase in compressor delivery
temperature over opening the throttie for an SFC penalty of 3%. However reheat operation could
be rather difficult in practice, because the ratio of total pressure iu the mixer (cold t¢ hot)
is high,
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CONCLUDING REMARKS

One important aspect the authors suspected initially and have become increasingly aware of during
the preparation of this paper is the extent to which assumptions about the cycle, the way tla
engine is matched, and how different parts are sized could influence the results, although s

far as possible representative assumptions have been made. In particular it had been iu:¢nded
to cover a range of bypass ratios, choice of which may exert a major influence on the conclusions,
but this has proved beyond the scope of the current paper.

The engine layout too should not be disregarded. For example LP shafts which have some of the
core compressor stages rotating wit: them have been excluded from this paper but in fact may well

prove to be important in that they allow the introduction of & further active variable changing
the cycle.

Subject to these reservations it is possible to draw the following conclusions for the flight
conditions consideredie

(a) 1t is only possible to improve the throttled specific fuel consumption significantly
by variables if the HP turbine capacity, the most difficult, is varied., Even then
the losses introduced must be kept small.

(b} Good prospects exist for increase of thrust at high forward speed of up to 10%
by varying the final nozzle and mixer areas.
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